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AI3 STRACT 

This  f i n a l  r e p o r t  f o r  Contract NAS1-3850 covers  t h e  e v a l u a t i o n  

of c r i t i c a l  f a c t o r s  r e l a t e d  t o  a f l i g h t  experiment i nvo lv ing  r e f l e c t i v e  

s u r f a c e  samples. The program included t h e  des ign ,  f a b r i c a t i o n ,  and 

t e s t  of a E r o t o t y p e  r o t a t i n g  arm re f l ec tomete r  and e v a l u a t i o n  of t h i s  

approach f o r  a p p l i c a t i o n  t o  t h e  f l i g h t  experiment.  Also r epor t ed  a r e  

t h e  r e s u l t s  of s t u d i e s  f o r  ope ra t ing  bea r ings  and seals i n  space ,  

va lv ing  f o r  s a t e l l i t e  c o n t r o l ,  and a gene ra l  r e l i a b i l i t y  a n a l y s i s  f o r  

t h e  sa te l l i t e .  Fur ther  s t u d i e s  r ega rd ing  methods of s e p a r a t i n g  causes  

of sample degrada t ion  a l s o  a re  inc luded .  
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1. INTRODUCTION 
The quality of the reflectivity of solar concentrators reflective 

surfaces is an important factor in the efficiency and effectiveness of 

a solar power system. In the case of a solar power system designed to 
operate in space the reflecting surface of the solar collector must be 

exposed to the space environment and oriented towards the sun. There 
is much concern regarding the performance of solar collector reflective 

surfaces in the space environment. This is due to the meager data 
available concerning the space environment making it difficult to 

perform valid ground simulation tests and accurately assess the results. 

As a result of this situation, it would be desirable to actually 
expose various solar concentrator reflective surfaces to the space 

environment for a period of time and measure their performance, 

Electro-Optical Systems, Inc. under Contract NAS 1-2880 performed a 

study to determine the feasibility of performing this solar concen- 

trator reflective surface flight experiment. Among other things, this 

study program resulted in a conceptual design of a reflectometer to 

measure solar collector sample performance in the space environment. 

The purpose of the program reported on in this document is to 

design and construct a rotating arm reflectometer and to evaluate its 

feasibility with respect to the design approach and its effectiveness 

in meeting the experiment requirements. A rotating arm reflectometer 

was constructed and evaluated. 

it was designed for some flexibility with respect to the optical and 

electronic systems. 
of the rotating arm reflectometer may be made,if desired. 
to the prototype reflectometer development, four other study subtasks 

were accomplished. These were; 1, an evaluation of the reliability 

of operating bearings and seals in space; 2, the problem of valving 

Since the instrument is a prototype 

Thus, various modifications to the basic approach 

In addition 
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f o r  a t t i t u d e  c o n t r o l ;  3,  a r e l i a b i l i t y  estimate f o r  t h e  o v e r a l l  s o l a r  

c o l l e c t o r  tes t  s a t e l l i t e ;  and 4 ,  f u r t h e r  work i n  a t tempt ing  t o  s e p a r a t e  

the  causes  of r e f l e c t o r  degrada t ion  i n  t h e  space  environment. 

The du ra t ion  of t h i s  program was approximately 16 weeks. This  

r e p o r t  g i v e s  t h e  r e s u l t s  of a l l  f i v e  sub ta sks .  

5101-Final  1- 2 



2. SUMMARY AND RECOMMENDATIONS 

This  s e c t i o n  summarizes the program f o r  t h e  e v a l u a t i o n  of c r i t i ca l  

f a c t o r s  r e l a t e d  t o  a f l i g h t  experiment f o r  r e f l e c t i v e  s u r f a c e  samples .  

The program w a s  d iv ided  i n t o  f ive t a s k s  and t h e s e  were: 

1. 

2. 

3.  Valving f o r  a t t i t u d e  c o n t r o l  

4 .  R e l i a b i l i t y  

5 .  Separa t ion  of e f f e c t s .  

Demonstration model of o p t i c a l  system ( r e f l ec tomete r )  

Bearings and seals f o r  ope ra t ion  i n  space  

The f i r s t  t a s k  involved design,  f a b r i c a t i o n ,  and test  whereas t a s k s  2 

through 5 were s t u d i e s .  

subsec t ions .  

The five t a s k s  are summarized i n  t h e  fo l lowing  

2.1 Reflectometer  

A f u l l  s c a l e ,  r o t a t i n g  arm r e f l e c t o m e t e r  w a s  designed,  

f a b r i c a t e d ,  and t e s t e d .  The design phi losophy of t h e  r e f l e c t o m e t e r  

w a s  t o  provide a b a s i c  s t r u c t u r e  which would al low f l e x i b i l i t y  f o r  

t h e  o p t i c a l  and e l e c t r o n i c  subsystems. 

made t o  t h e  o p t i c a l  system (with t h e  excep t ion  of t h e  r o t a t i n g  arm) 

and e l e c t r o n i c s  wi thout  a bas i c  mechanical r e -des ign  and f a b r i c a t i o n .  

Thus, mod i f i ca t ion  can be 

The b a s i c  instrument i s  a c y l i n d e r  20.5" i n  diameter  and 

6.5" h igh ,  

scans  a r i n g  of  samples loca ted  on a 9" r a d i u s .  

1.5" i n  diameter ,  a t o t a l  of 28 samples and two c a l i b r a t e  p o s i t i o n s  can  

be accommodated. 

model. S i x  of t h e s e  have electroformed n i c k e l  s u b s t r a t e s  and have a 

v a r i e t y  of coa t ings .  

t i o n  purposes.  

The r o t a t i n g  arm, which c o n t a i n s  two f r o n t  s u r f a c e  m i r r o r s ,  

Using c i r c u l a r  samples,  

Only seven samples are provided on t h e  demonstrat ion 

The o ther  sample i s  an o p t i c a l  f l a t  f o r  eva lua-  

5 101- F i n a l  2- 1 



The o p t i c s  of  t h e  r e f l e c t o m e t e r  c o n s i s t s  of two s e p a r a t e  

o p t i c a l  systems each us ing  t h e  o p t i c s  of t h e  r o t a t i n g  a r m .  One o p t i c a l  

system u t i l i z e s  a min ia tu re  incandescent  f i l amen t  f o r  t h e  l i g h t  source ,  

a co l l ima t ing  and f i e l d  l e n s ,  two b e a m s p l i t t e r s ,  and a 2 x 2 nun l e a d  

s u l f i d e  d e t e c t o r  t o  perform a s i n g l e  "white l i g h t "  r e f l e c t a n c e  measure- 

ment, The o ther  o p t i c a l  system uses  t h e  v i r t u a l  image of t h e  sun 

(formed by a s p h e r i c a l  convex r e f l e c t o r )  f o r  t h e  l i g h t  source .  

e n t e r s  t h e  instrument  through a fused qua r t z  window. The l i g h t  t r a v e r s e s  

t h i s  o p t i c a l  system i n  a manner s imilar  t o  t h e  f i r s t  o p t i c a l  system up 

t o  t h e  l a s t  beamsp l i t t e r .  

second f ace  of th is  prism a port$& of t h e  l i g h t  i s  r e f r a c t e d  and 

d i spe r sed  into a spectrum, 

from the  second pr ism and pksaeb ou t  t h e  t h i r d  f a c e  ia  an und i spe r sed  

form g iv ing  a "white l i g h t "  t e f h c t a n c e  measurement, 
4 x 4 mm lead s u l f i d e  d e t e c t o r s  are used t o  measure t h e  s p e c t r a l  energy,  

These four  d e t e c t o r s  cover t h e  have length  r e g i o n s  of  0.38 - 0.46 p, 

0.46 - 0.62 p, 0.62 - 1.06 p dnd 1.06 - 1.75 p wi th  f a i r l y  good s p e c t r a l  

r e s o l u t i o n  e s p e c i a l l y  a t  low wabelengtha, 
by t h e  sun l igh t  r e f l e c t i v i t y  o f f  t h e  s p h e r i c a l  r e f l e G t o r  is focuered 

on t h e  d e t e c t o r s  t o  provide t h e  s p e c t r a l  r e s o l u t i o n .  

i s  a 2 x 2 mm l ead  s u l f i d e  c e l l .  

L igh t  

Here the l i g h t  e n t e r s  a 60' prism. A t  t h e  

The i t h e r  p o r t i o n  of t he  l i g h t  is r e f l e c t e d  

Four ad jacen t  

The astigmatic: image formed 

The whi t e  l i g h t  

Both o p t i c a l  systems are c a l i b r a t e d  by means of a 45°-900-450 

pr ism which makes u s e  of t o t a l  i n t e r n a l  r e f l e c t i o n .  This  pr ism i s  

l o c a t e d  i n  ode of t h e  sample p o s i t i o n s .  A l l  t r a n s m i t t i n g  elements  of 

t h e  s o l a r  v i r t u a l  image o p t i c a l  system are fused  qua r t z .  A l l  d e t e c t o r s  

use  a b r idge  network wi th  a dc ampl i f i e r .  The arm r o t a t e s  a t  24 rpm, 

Both "white l i g h t "  d e t e c t o r s  can t o l e r a t e  sample misalignment 

of about f. 1'. 

s a t e l l i t e  m i s o r i e n t a t i o n  of about 2 4 , 

t h e  h ighes t  ga in  (worst cond i t ions )  w i l l  produce a 0.1% r e f l e c t a n c e  

e r r o r .  

A l l  d e t e c t o r  outputs  can e a s i l y  be i n  t h e  0 - 5 v o l t  range.  The ou tpu t  

The s o l a r  v i r t u a l  image o p t i c a l  system can  t o l e r a t e  a 
0 

The d r i f t  on t h e  d e t e c t o r  w i t h  

Noise i s  no problem and a l l  d e t e c t o r s  e x h i b i t  c l e a n  s i g n a l s .  
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of the uv detector was low because of the greater atmospheric absorption. 

However, in space this problem is removed. 

countered is the curvature of the samples. 

focal length) destroys the resolution of the spectral measurements. 

It is recommended that a different approach be used to overcome this 
pr ob 1 em. 

The largest problem en- 

This curvature (about -100" 

This approach could use a field lens immediately behind the 
This would form an image of the sample (similar last beamsplitter. 

to the "white light" optical system) which could be used as the entrance 

"slit" to the spectrometer. The advantage here is that the entrance 

"slit" is spatially stable and its position is less sensitive to sample 
misalignment and curvature. 

In order to minimize drift problems (which is a problem only 

in meeting the 0 - 5 volt telemetry requirements) it is recommended 

that a modification be made to the electronic system. This could take 

the form of light chopping via reflectometer arm rotation or ac coupling. 

2.2 Bearings and Seals for Operation in Space 

As a result of the study performed on the problem of bearings 
and seals for operation in space it is felt that the most reliable 

solution is to utilize pressurized bearings operating through a seal. 

The bearing lubricant would be methyl-phenyl-silicone oil with a dye 

thickener. The seal would be a standard metal bellows type unit and 

the sealing surface would be coated with molybdenum disulfide in a 

sodium silicate binder. The mating ring would be a sintered mixture 

of silver (80%) and MoS2 (20%). 

2 . 3  Valving for Attitude Control 
Various valve manufacturers were contacted and, as a result, 

it is felt that state-of-the-art valves (such as in OSO) will satisfy 
the leak rate requirements of the solar collector test satellite. 

5 101-Final 2- 3 



2.4 R e l i a b i l i t y  

A modest r e l i a b i l i t y  a n a l y s i s  w a s  made on t h e  o v e r a l l  test  

s a t e l l i t e  (not  j u s t  t h e  r e f l ec tomete r ) .  

p a r t s  count  and f a i l u r e  ra te  assessment ,  t h e  va r ious  f a i l u r e  modes and 

e f f e c t s ,  and a r e l i a b i l i t y  opt imiza t ion .  The r e s u l t  of t h e  mean-time- 

t o - f a i l u r e  computation i s  t h a t  t h e  p r o b a b i l i t y  of  t h e  t o t a l  s a t e l l i t e  

ope ra t ing  success fu l ly  f o r  one year  i s  56%. 

cha in  appears  t o  be t h e  command rece ive r .  

Th i s  a n a l y s i s  inc luded  a g r o s s  

The weakest l i n k  i n  t h e  

2.5 Separa t ion  of E f f e c t s  

Fur ther  d a t a  on micrometeoroids and low energy pro tons  are 

given.  It i s  concluded t h a t  it would be extremely d i f f i c u l t  t o  s e p a r a t e  

t h e  e f f e c t s  of low energy pro tons  and micrometeoroids wi th  one sa te l l i t e .  

Two approaches t o  s e p a r a t i n g  t h e  above e f f e c t s  were analyzed.  

promising i s  a s p a t i a l  approach where an o r b i t  i s  chosen w i t h  t h e  peak 

pro ton  f l u x  and t h e  peak micrometeoroid f l u x  occur r ing  i n  d i f f e r e n t  

po r t ions  of the o r b i t .  By means of  a movable s h i e l d ,  one set of 

samples can be g iven  more pro ton  exposure w h i l e  ano the r  set i s  g iven  

more micrometeoroid exposure.  

The most 
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3. DEMONSTRATION MODEL OF OPTICAL SYSTEM 

This section describes the work accomplished in the design, 

fabrication, and testing of the demonstration model of the optical 

system (reflectometer). 

and the heliostat accessory. 

tometer is similar to the preferred experiment package described in 

the contract N M  1-2880 final report. The purpose of the reflectometer 

is to verify overall feasibility with particular attention to: 

Figure 3.1 shows the assembled reflectometer 

The basic configuration of the reflec- 

1. Adequate signal-to-noise ratio 

2. Stability 

3.  Insensitivity to alignment. 

- _ -  

The philosophy of the instrument design was to provide a basic structure 
for the rotating arm reflectometer concept and yet provide flexibility 

in the optical system design. In this respect, the instrument is not 

an end in itself in that, at later dates, the optical system can be 

modified (with the exception of the rotating arm) to evaluate other 

approaches. As a result, little attention was given to minimizing the 

weight and volume of the optical system. However, the actual operation 

of the reflectometer in the space environment was considered in the 

design and this is evidenced by the use of fused quartz optical elements, 

singlet optical elements, windows for simulated sealing conditions, and 

considerations of satellite attitude control accuracy. Thus, the 

reflectometer described in this section is a step towards an instrument 

which would measure the reflectance degradation of solar concentrator 

reflective surfaces in the space environment. The following subsections 

describe the mechanical, optical, and electronic aspects of the reflec- 

tometer and also the test results. 
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3.1 Mechanical 
The mechanical aspects of the reflectometer consist of the 

basic structure, the rotating arm assembly, the optical and electronic 

mounting bracketry, and the heliostat. 

3.1.1 Basic Structure 

The basic structure of the reflectometer is shown in 

EOS Engineering Drawing No. 5101-1 (enclosed). The structure consists 

of two machined aluminum discs separated 5-1/2 inches apart by four 

standoffs. The diameter of the structure is such that 28 samples (1-1/2 

inches in diameter) and 2 calibrate positions could be accomodated. 

The samples are mounted on the periphery of the upper disc in the 

appropriate holes provided. It was felt that it was not necessary to 

have a complete ring of samples for the purposes of the demonstration 

reflectometer. A s  a result, only seven samples are mounted on the 

reflectometer covering an arc of a little less than 90 . In addition, 
provision has been made to mount two calibrate prisms and one 0% calibrate 

position. The samples themselves are mounted in cups which are capable 

of individual alignment. The upper structural disc has a central hole 

which accommodates the rotating arm assembly. A smaller hole in the 

upper disc allows the sunlight to enter the instrument for use as a 

light source. The lower structural disc provides a mounting surface 

for all of the electronic components and a majority of the optical 

components. A thin aluminum skirt fits around the two structural 

0 

discs and serves to keep out stray light and dust. A cutout is provided 

in the skirt for the control panel, The instrument rests on four rubber 

pads fastened to the bottom of the lower disc. 

3.1.2 Rotating Arm Assembly 

The rotating arm assembly provides the motion which 

scans the reflectometer beam of  light across the samples. It consists 
of a hollow cylindrical section and a hollow cylindrical tube whose 

axes are perpendicular to each other. The cylindrical section mounts 
in the center hole of the upper structural disc. This section contains 
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two bearings three inches apart which provide the ann rotation. At 
the bottom of this section is a disk which provides a surface 

for driving purposes. The rotating arm assembly provides mounting and 

adjustments for two mirrors and mounting for one quartz window. 

3 . 1 . 3  Optical Element Mounting 
All optical elements are mounted on the lower struc- 

tural disc with the exception of the two mirrors and one window in the 
rotating arm assembly and the one window where solar radiation enters 

the instrument. A single mirror is located directly below the rotating 
arm assembly cylindrical section and is provided with a push-pull type 

angular adjustment. The two collimating lenses and beam splitters (see 

Section 3.2) are mounted in a non-adjustable integral unit. All other 
optical elements are mounted in separate fixtures and are adjustable to 

various degrees, Also, all optical elements are fastened with glue on 

their mounting fixtures. 

3.1.4 Electronic Component Mounting 

The reflectometer is designed so that all electronic 

component mounting is on the lower structural disc. The three main 

areas of electronic component mounting are on the lower structural disc 

and the outer and inner control panels. These control panels are mounted 

in turn on the lower structural disc. The outer control panel is hinged 

to permit access to the-interior of  the instrument for adjustment and 

inspection. This panel can swing out from the instrument through the 

cutout in the skirt. The inner control panel is located directly behind 

the outer control panel and is mounted in a vertical position. 

3.1.5 Heliostat 
Since the reflectometer was to be tested using the sun 

as a light source, it was felt neeessary to construct a modest heliostat 
to direct the sunlight at a fairly constant angle into the instrument. 

The heliostat is mounted on the edge of the upper structural disc and 

consists of a motor and two mirrors. The motor drives one mirror at the 

rate of 1/2 revolution per day and directs the sunlight towards the 
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second m i r r o r  which i s  ad jus t ab le  i n  h e i g h t  and r e f l e c t s  t h e  s u n l i g h t  

i n t o  t h e  instrument .  Power for  t h e  h e l i o s t a t  motor i s  supp l i ed  from 

a r e c e p t a c l e  loca t ed  i n  t h e  outer  c o n t r o l  panel .  The h e l i o s t a t  i s  no t  

an i n t e g r a l  p a r t  of t h e  r e f l ec tomete r  and may be e a s i l y  removed and 

stowed i n  a separate case.  

3.2 Op t i ca l  

The o p t i c a l  p o r t i o n  of t h e  r e f l e c t o m e t e r  c o n s i s t s  of two 

s e p a r a t e  o p t i c a l  systems both  s h a r i n g  t h e  o p t i c s  of t h e  r o t a t i n g  arm 

assembly. 

which are an incandescent  f i l ament  and a v i r t u a l  image of  t h e  sun as 

formed by a convex s p h e r i c a l  r e f l e c t o r .  The spa t ia l  r e l a t i o n s  of t h e  

two o p t i c a l  systems are shown i n  F igu res  3.2 and 3.3. 

system has  a "col l imat ing" lens  which n e a r l y  c o l l i m t e s  t h e  beams as 

they  t r a v e r s e  t h e  r o t a t i n g  arm. The l i g h t  beams o f ' t h e  incandescent  

l i g h t  source  ( ILS)  o p t i c a l  system and t h e  s o l a r  v i r t u a l  image (SVI) 

o p t i c a l  system have a cmmon a p e r t u r e  s t o p  a t  t h e  sample. The o p t i c a l  

axes of t h e  ILS  and SVI o p t i c a l  systems are t i l t e d  s l i g h t l y  (about 2') 

w i th  r e s p e c t  t o  (and on e i t h e r  s i d e  of )  t h e  normal t o  t h e  sample. 

a r e s u l t ,  t h e  co l l ima ted  l i g h t  of  t h e  ILS o p t i c a l  system passes  through 

b e a m s p l i t t e r  A, goes t o  t h e  sample, and i s  r e f l e c t e d  o f f  b e a m s p l i t t e r  B. 

On t h e  o t h e r  hand, t h e  co l l imated  l i g h t  of t h e  SVI o p t i c a l  system passes  

through beamsp l i t t e r  B, goes t o  t h e  sample, and i s  r e f l e c t e d  o f f  beam- 

s p l i t t e r  A. Thus, t h e  two o p t i c a l  systems can be t r e a t e d  s e p a r a t e l y .  

The fo l lowing  subsec t ions  d i scuss  t h e  o p t i c s  of t h e  r o t a t i n g  a r m  

Two l i g h t  sources  a r e  used (one f o r  each o p t i c a l  system) 

Each o p t i c a l  

A s  

assembly, t h e  ILS and SVI o p t i c a l  systems, t h e  c a l i b r a t e  func t ions ,  

and t h e  samples. 

3.2.1 Rota t ing  Arm Assembly 

The r o t a t i n g  arm assembly con ta ins  two m i r r o r s  (M and 
4 

Both mi r ro r s  accommodate t h e  I L S  and SVI o p t i c a l  M5 - Figure  3.2). 

systems. S ince  mi r ro r  M a l so  accommodates both o p t i c a l  systems, i t  

w i l l  a l s o  be t r e a t e d  i n  t h i s  s ec t ion .  
3 

Mir ro r s  M 3, M4 , and M 5 have 
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angular  push-pull  adjustments .  A l l  m i r r o r s  i n  t h e  e n t i r e  r e f l e c t o m e t e r  

o p t i c a l  system ( inc luding  t h e  h e l i o s t a t )  are f r o n t  s u r f a c e  and coa ted  

w i t h  aluminum with no overcoat .  

The r o t a t i n g  a r m  assembly a l s o  inc ludes  a qua r t z  

window 0.125" th ick .  The l o c a t i o n  of t h e  window can be seen  i n  EOS 
Engineering Drawing 5101-1 (enclosed).  The window s e r v e s  no f u n c t i o n a l  

purpose wi th  r e spec t  t o  t h e  r e f l e c t o m e t e r  demonstrat ion model o t h e r  

t han  t o  s imula te  a window which would be p re sen t  on a s a t e l l i t e - b o r n e  

ins t rument .  The purpose of t h e  window i n  t h e  s a t e l l i t e - b o r n e  i n s t r u -  

ment i s  f o r  s e a l i n g  i n  t h e  event  t h a t  s e a l e d  bea r ings  are used f o r  t h e  

r o t a t i n g  a r m  assembly. The window i s  t i l t e d  (about 10') so t h a t  t h e  

a i r  (vacuum)/quartz i n t e r f a c e  r e f l e c t i o n  does not  i n t e r f e r e  w i t h  t h e  

r e f l e c t a n c e  measurement. Th i s  tilt (and window th i ckness )  r e p r e s e n t s  

a beam displacement of  0.015" which i s  no t  s e r i o u s  w i t h  r e s p e c t  t o  

v i g n e t t i n g .  Also, t he  displacement  i s  cance l l ed  out  when t h e  beam 

r e t u r n s  through t h e  window. 

3 ,  M4, and M Mir rors  M 

Alignment w a s  i n i t i a t e d  wi th  just M 
were a l igned  w i t h  t h e  use  of  5 

a gas  CW l a s e r .  

o p t i c a l  elements present .  The laser w a s  a d j u s t e d  so  t h a t  i t s  beam was 

p a r a l l e l  t o  and 0.75" above t h e  lower s t r u c t u r a l  d i sk .  

axes of both the ILS and SVI systems and a l l  d e t e c t o r s  are 0.75'' above 

t h i s  r e f e r e n c e  sur face .  Also, t h e  laser beam b i s e c t e d  t h e  ang le  between 

t h e  o p t i c a l  F e s  of t h e  two o p t i c a l  systems and impinged on t h e  c e n t e r  

of m i r r o r  M A t r a n s l u c e n t  s c reen  wi th  a c r o s s - h a i r  i n  t h e  c e n t e r  w a s  

placed i n  t h e  M p o s i t i o n  and M w a s  ad jus t ed  u n t i l  t h e  laser beam w a s  

cen tered .  Actua l ly ,  when M i s  proper ly  a l igned  t h e  laser beam is 

s l i g h t l y  o f f  the c e n t e r  of  t h e  t r a n s l u c e n t  s c r e e n  due t o  t h e  p a r a l l e l -  

p l a t e  a c t i o n  of t h e  qua r t z  window. 

and no t  o t h e r  3 

The o p t i c a l  

3' 

4 3 

3 

Under t h e s e  c o n d i t i o n s ,  when t h e  

r e f l e c t o m e t e r  a r m  i s  r o t a t e d ,  t h e  beam appears  t o  r o t a t e  about t h e  c ros s -  

h a i r .  Mir ror  M w a s  ad jus t ed  u n t i l  t h e  r a d i u s  of r o t a t i o n  of t h e  beam 

i s  a minimum and centered  on t h e  c r o s s - h a i r .  Mir ror  M w a s  t h e n  i n s t a l l e d  

and t h e  t r a n s l u c e n t  s c reen  p laced  a t  M 

3 

4 
Mir ro r  M w a s  a d j u s t e d  us ing  t h e  

5 '  4 

5101-Final 3-8 



same c r i t e r i a .  Mirror  M was  i n s t a l l e d  and a d j u s t e d  u n t i l  t h e  beam 5 
w a s  normal t o  t h e  lower s t r u c t u r a l  d i s k  r e f e r e n c e  su r face .  T h i s  normal- 

i t y  w a s  determined by p lac ing  a f l a t  r e f e r e n c e  m i r r o r  on t h e  r e f e r e n c e  

s u r f a c e  and f o l d i n g  t h e  beam back on i t s e l f .  A s c r e e n  wi th  a h o l e  t h e  

s i z e  of t h e  laser beam w a s  placed over  t h e  laser and M w a s  a d j u s t e d  

so  t h e  r e t u r n  beam coinc ided  with t h e  hole .  This  adjustment  i s  q u i t e  

a c c u r a t e  because of t h e  long o p t i c a l  lever a r m  (about 40").  

5 

The samples 

and c a l i b r a t e  prisms can a l s o  be a l igned  i n  t h i s  manner. 

The e f f e c t  of bea r ing  run-out  on o p t i c a l  a l ignment  

was a l s o  checked. The a l igned  r o t a t i n g  arm assembly w a s  removed from 

t h e  top  s t r u c t u r a l  p l a t e  and mounted s o  t h a t  l i g h t  from a c o l l i m a t o r  

w a s  t r a n s m i t t e d  through t h e  assembly. A f l a t  m i r r o r  w a s  p l aced  over  

t h e  a p e r t u r e  j u s t  below M s o  t h a t  t h e  l i g h t  w a s  s e n t  back t o  t h e  

c o l l i m a t o r .  F inger  p re s su re  was app l i ed  t o  t h e  end of t h e  a r m  ( the  

non- ro ta t ing  p a r t  of t h e  assembly w a s  h e l d  r i g i d )  and t h e  mechanical  

misalignment w a s  about 30 a r c  seconds.  S ince  t h e  combination of  m i r r o r s  

M and M have r e t r o d i r e c t i v e  p r o p e r t i e s  a bea r ing  run-out  misalignment 

can  only r e s u l t  i n  v i g n e t t i n g ,  Thus, t h e  bea r ing  run-out  misalignment 

i s  no t  s e r i o u s .  

5 

4 5 

3.2 .2  Incandescent  L igh t  Source O p t i c a l  System (ILS) 

This  s e c t i o n  d e s c r i b e s  the incanoescent  l i g h t  source  

system and inc ludes  t h e  l i g h t  source ,  o p t i c a l  elements, and d e t e c t o r .  

O p t i c a l  system alignment and t ransmiss ion  are a l s o  d i scussed .  The 

purpose of t h e  ILS o p t i c a l  system i s  t o  perform a s i n g l e  "white  l i g h t "  

(broad s p e c t r a l  band as determined by t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of  

t h e  l i g h t  source ,  o p t i c a l  system, and d e t e c t o r )  r e f l e c t a n c e  measurement 

on t h e  samples. 

3.2.2.1 ILS Optical System 

The ILS o p t i c a l  system i s  shown i n  Fig.'s 3 .4  & 3 .5 ,  

The l i g h t  source  i s  a B6;L tungs ten  f i l amen t  bulb,  c a t a l o g  We. 71-71-44. 

It draws 390 ma i n  a range of 1.5 t o  2.5 v o l t s .  

has  a 6 cm f o c a l  l e n g t h  and a 2 c m  clear a p e r t u r e .  

The c o l l i m a t i n g  l e n s  

The c o l l i m a t i n g  
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l e n s  images t h e  f i l amen t  on t h e  f i e l d  l e n s .  The f i e l d  l e n s  images 

t h e  sample on t h e  d e t e c t o r .  

The beamsp l i t t e r  which t r a n s m i t s  t h e  ILS l i g h t  i s  g l a s s  and t h a t  which 

r e f l e c t s  i s  quar tz .  

t h e  s i d e  towards t h e  sample. 

f o r  t h e  beamsp l i t t e r s  i s  economy. S ince  t h e  incandescent  f i l amen t  is 

very  weak i n  t h e  u l t r a v i o l e t  t h e r e  i s  l i t t l e  need f o r  qua r t z  and a l l  

ILS t r a n s m i t t i n g  o p t i c s  are g l a s s .  I n  t h e  a c t u a l  s a t e l l i t e - b o r n e  

ins t rument  fused qua r t z  would be used f o r  i t s  d e s i r a b l e  r e s i s t a n c e  t o  

t h e  space  environment. 

The d e t e c t o r  i s  a 2 x 2 nmr PbS element .  

The aluminum c o a t i n g  on both  b e a m s p l i t t e r s  i s  on 

The reason  f o r  two d i f f e r e n t  materials 

Because of sample  a l ignment  c o n s i d e r a t i o n s  

(Sec t ion  3.2.2.2) t h e  a c t u a l  s i z e  of t h e  incandescent  f i l amen t  should  

be as s m a l l  as p o s s i b l e  (as long as t h e  s i g n a l  level i s  accep tab le ) .  

The dimensions of t h e  B&L source  are i d e a l  from t h i s  p o i n t  of view. 

However, t he  r a t e d  l i f e t i m e  of t h i s  source  l eaves  something t o  be 

d e s i r e d .  One source  (B&L) w a s  l i f e  t e s t e d  a t  2.5 v o l t s  and burned o u t  

a t  84 hours .  Even though t h e  t o t a l  one y e a r  on-time f o r  t h e  sa te l l i te-  

borne instrument  may be less than  t h i s ,  it would be  d e s i r a b l e  t o  o p e r a t e  

t h e  source  at a lower vo l t age .  The B&L source  g i v e s  s a t i s f a c t o r y  

s i g n a l  l e v e l s  when opera ted  a t  1.5 v o l t s .  Th i s  i s ' 6 0 %  of i t s  r a t e d  

v o l t a g e  and according t o  t h e  General  E l e c t r i c  c h a r a c t e r i s t i c  cu rves  

of min ia tu re  tungs ten  f i l amen t  lamps t h e  60% r e d u c t i o n  of r a t e d  v o l t a g e  

r e p r e s e n t s  a j0Ox i n c r e a s e  over  t h e  r a t e d  l i f e t i m e .  This  cor responds  

t o  42,000 hours which i s  more than  s u f f i c i e n t .  However, it i s  recom- 

mended t h a t  some l i f e  t e s t i n g  he done on v a r i o u s  lamps b e f o r e  t h e  f i n a l  

l i g h t  source  choice  be made. 

3.2.2.2 ILLS System Alignment 

The only  element of  t h e  ILS o p t i c a l  system 

which i s  capable  of  adjustment  i s  t h e  l i g h t  sou rce  and this adjustment  

i s  i n  x, y,  and z .  With t h e  r e f l e c t o m e t e r  arm over  a sample t h e  l i g h t  

source  i s  ad jus t ed  t o  focus i t s  image a t  t h e  f i e l d  l e n s .  The average 

s i z e  of t h i s  image i s  0.45 cm and t h e  c lear  a p e r t u r e  of the f i e l d  
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l e n s  i s  2 cm. Th i s  means t h a t  t h e  image may be d i s p l a c e d  0.77 cm 

due t o  sample misalignment and t h e  l i g h t  w i l l  s t i l l  pass  through t h e  

2 cm c l e a r  ape r tu re .  Regardless of where t h e  l i g h t  pas ses  through t h e  

clear a p e r t u r e  a l l  t h e  l i g h t  w i l l  impinge on t h e  d e t e c t o r  s i n c e  t h e  

f i e l d  l e n s  images t h e  s a m p l e  on t h e  d e t e c t o r .  The o p t i c a l  d i s t a n c e  

from t h e  sample t o  t h e  f i e l d  l ens  i s  about 45 c m  and t h e  tangent  of 

t h e  displacement angle  is 0.77/45 = 0.018 o r  an ang le  of 1 . Thus, t h e  

ILS o p t i c a l  system can  t o l e r a t e  a sample misalignment of 5 lo 

s t i l l  make a v a l i d  r e f l e c t a n c e  measurement. This  sample misalignment 

t o l e r a n c e  can  be inc reased  by inc reas ing  t h e  c l e a r  a p e r t u r e  of t h e  

f i e l d  l ens .  This  w i l l  a l s o  inc rease  t h e  dimensions of t h e  r o t a t i n g  

a r m  assembly t o  avoid  v igne t t i ng .  

0 

and 

The f o c a l  l e n g t h  of  t h e  s i n g l e  element plano- 

convex f i e l d  l e n s  i s  4 c m  and t h e  d e t e c t o r  i s  l o c a t e d  about 4.5 cm from 

t h i s  l ens .  Thus, t h e  r a t i o  of t h e  sample- f ie ld  l e n s  d i s t a n c e  t o  t h e  

d e t e c t o r - f i e l d  l e n s  d i s t a n c e  is 10. S ince  t h e  d e t e c t o r  area i s  2 x 2 mm 

then  t h i s  r e p r e s e n t s  a 2 x 2 cm area on t h e  sample t h a t  i s  seen  by t h e  

d e t e c t o r .  However, t he  c l e a r  a p e r t u r e  of  t h e  c o l l i m a t i n g  l e n s  i s  2 c m  

and t h e  l i g h t  between t h e  co l l ima t ing  l e n s  and sample i s  convergent 

so t h e  l i g h t  spo t  on t h e  sample  i s  less t h a n  2 c m  diameter .  Thus, t h e  

image of t h e  sample ( l i g h t  spot)  on t h e  d e t e c t o r  w i l l  be smaller than  

t h e  d e t e c t o r  s e n s i t i v e  a r e a  r e s u l t i n g  i n  a l l  t h e  l i g h t  pass ing  through 

t h e  f i e l d  l e n s  impinging on the d e t e c t o r ,  

It was at tempted t o  use  a l l  s i n g l e  element 

l e n s e s  i n  t h e  ILS o p t i c a l  system f o r  s i m p l i c i t y  and ruggedness. 

However, only t h e  f i e l d  l e n s  i s  a s i n g l e t .  The c o l l i m a t i n g  l e n s  i s  

a cemented doublet .  

t h e  image s i z e  a t  t h e  f i e l d  lens  was about 1.8 c m  diameter  due t o  

s p h e r i c a l  abbe ra t ion  over such a long p a t h  length .  

l i t t l e  room f o r  sample misalignment. Therefore ,  t h e  s a t e l l i t e - b o r n e  

ins t rument  should have a cemented o r  a i r  spaced double t  f o r  t h e  ILS 

o p t i c a l  system c o l l i m a t i n g  l e n s c  

A s i n g l e  element c o l l i m a t i n g  l e n s  was t r i e d  b u t  

T h i s  l e f t  very  
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3.2.2.3 Transmission 

To e v a l u a t e  t h e  performance of  t h e  ILS 

o p t i c a l  system t h e  t r ansmiss ion  of t h e  o p t i c a l  system should  be d e t e r -  

mined. 

e lements  between t h e  l i g h t  source  and t h e  d e t e c t o r .  

l a r g e  number of o p t i c a l  elements between t h e  l i g h t  source  and d e t e c t o r ,  

most of which are a t  45 t o  t h e  i n c i d e n t  beam, t h e  t r ansmiss ion  evalua-  

t i o n  should take  i n t o  account p o l a r i z a t i o n  e f f e c t s .  

t h e  l i g h t  path from l i g h t  source  t o  d e t e c t o r  (minus t h e  sample which 

i s  t o  be measured) and l i s t s  a l l  i n t e r f a c e s  by o p t i c a l  element and type .  

This  de te rmina t ion  should inc lude  a l l  r e f l e c t i n g  and r e f r a c t i n g  

Because of  t h e  

0 

Table 3.1 traces 

I n t e r f a c e  

1 

2 

3 

4 

5 

6 

Sample 

7 

8 

9 

10 

11. 
12 

Optical  Element 

Col l imat ing  l e n s  

Beams p 1 it ter 

Mir ror  M3 (Fig.  3.2) 

Quartz window 

Mirror  M 

Mir ror  M 
4 

5 

5 

4 

Mirror  M 

Mirror  M 

Quartz window 

Mirror  M3 

Beams p li t t er 

F i e l d  l e n s  

TABLE 3.1 ILS  OPTIcfi SYSTEM INTERFACES 
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Transmission 

Transmission 

R e f l e c t i o n  

Transmission 

R e f l e c t i o n  

Re f 1 e c t i  on 

R e f l e c t i o n  

Re f 1 ec t ion  

T r  ansmi s s ion  

R e f l e c t  i o n  

Re f l e c t i o n  

Transmission 

-I 
1 
I 
I 
1 
I 
B 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
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From Table  3.1 w e  can  wri te  the  fo l lowing  expres s ion  f o r  t h e  t r a n s -  

miss ion  of  t he  ILS o p t i c a l  system: 

(3 9 1) 12 T = T  x T 2 x R 3 x T  X R  X R  x R  x R  x T  X R  x R  x T  1 4 5 6 7 8 9 1 0  11 

where T and R r e f e r  t o  t ransmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s ,  respec-  

t i v e l y .  However, t h e  o p t i c a l  e lements  which are a t  45' t o  t h e  i n c i d e n t  

r a d i a t i o n  have two t ransmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s .  These are 

f o r  p lanes  of p o l a r i z a t i o n  p a r a l l e l  and perpendicular  t o  t h e  p lane  of  

r e f l e c t i o n  o r  r e f r a c t i o n  and a re  u s u a l l y  i d e n t i f i e d  by t h e  s u b s c r i p t s  

p and s ,  r e s p e c t i v e l y .  Radiat ion from t h e  l i g h t  sou rce  can be consid-  

e red  as having two mutual ly  perpendicular  p lanes  of p o l a r i z a t i o n .  L e t  

t h e  p o l a r i z a t i o n  d i r e c t i o n  V be normal t o  t h e  lower s t r u c t u r a l  d i s k  of  

t h e  r e f l e c t o m e t e r  a t  t h e  l i g h t  source  and H i s  i n  t h e  d i r e c t i o n  para l le l  

t o  the  d i sk .  Then, t he  t ransmiss ion  o f  t h e  ILS o p t i c a l  system i s  

T + T H  

2 
V T =  

The va lue  of T w i l l  vary (by a known amount) as t h e  r e f l e c t o m e t e r  

r o t a t e s .  Th i s  i s  because t h e  p a r t i c u l a r  p o l a r i z a t i o n  r e f l e c t i o n  

c o e f f i c i e n t s  of t he  two mi r ro r s  i n  t h e  r o t a t i n g  a r m  are a f u n c t i o n  of  

t h e  arm angular  p o s i t i o n  wi th  r e s p e c t  t o  m i r r o r  M 

been c a r r i e d  ou t  e v a l u a t i n g  t h e  ILS o p t i c a l  system t r ansmiss ion  a t  a r m  

p o s i t i o n s  of 10' and 90'. The 0 p o s i t i o n  occurs  when m i r r o r  M r e f l e c t s  4 
t h e  l i g h t  p a r a l l e l  t o  t h e  inc iden t  l i g h t  on mi r ro r  M Thus, Equat ion 

3.1 can be more accu ra t e ly  w r i t t e n  t o  account f o r  p o l a r i z a t i o n  e f f e c t s  

and arm p o s i t i o n  as 

An a n a l y s i s  has  3' 

0 

3' 

(3.3) 
TV oo = T1 x T x R  x T 4 x R  X R  x R  X R  x T  x R  x R  x T  

2s 3p 5p 6p 7p 8p 9 lop  11s 12 

1 2  
T V g O o = T  x T  x R  x T 4 x R  x R  x R  x R a s x T  x R  x R  x T  

1 2s 3p 5s 6s 7s 9 l o p  11s 
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= T  x T  x R  x T  x R  x R  x R  x R  x T  x R  x R  x T  
TH 0' 1 2p 3s 4 5s 6s 7s 8s 9 10s llp 12 

TH 90' 1 2p 3s 4 5p 6p 7p 8p 9 10s llp 12 
= T  x T  X R  X T  x R  x R  x R  y R  x T  x R  x R  x T  

The polarization effects of the collimating lens, tilted quartz window 

and field lens are assumed to be negligible. 

Equations 3.3 can be simplified by grouping 

common terms. Assume that the collimating lens, the quartz window, 
and the field lens are all quartz elements (which they would be in the 

satellite-borne instrument). In this case we may write 

4 
TA = T  1 4 9 1 2  x T  x T  x T  (3.4) 

where T 
(actually two interfaces). 

write for this type of reflection, %p and ss where the subscript B 
refers to aluminum reflection at 45 . 
c to the beamsplitter. The result is 

is the transmission of one quartz element/air interface A 
Since all mirrors are aluminized we can 

0 Finally, we can assign a subscript 

Tvoo =T:xT x R 6  x R  cs 
cs BP 

o = T 4 x T  x R 2  x R 4  x R  
TV 90 A cs BP Bs cs 

THOo =T:xT xR6 Bs x R  cp CP 

4 x T  x R 2  xR4 x R  
TH 90' = TA CP Bs BP CP 

There are seven terms in Equations 3.5 to be evaluated - TA' Tcs' T cp' 

Rcs2 Rep, RBs' and sp. 
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The amount of l i g h t  r e f l e c t e d  a t  one normal 

inc ident  q u a r t z / a i r  i n t e r f a c e  i s  

The t ransmission f o r  one i n t e r f a c e  is  T = l -R .  Each quartz  element 
has two i n t e r f a c e s  s o  t h e  t o t a l  l i g h t  t r a n s m i t t e d  i s  T 2 ( ignoring 

secondary r e f l e c t i o n s ,  e tc . ) .  Thus, t h e  t e r m  T i s  A 

Table 3.2 (Ref. 1) gives  r e f r a c t i v e  index d a t a  f o r  fused quar tz .  

U L l  
0.34669 

0.404656 

0.435835 

0.546074 

0.643847 

1101398 

1.12866 

1.36728 

1.52952 

1.6932 

1.81307 

1.97009 

TABLE 3.2 

n 

1.47757 

1.4697 1 

1.46677 

1.46014 

1.45676 

1.45030 

1.44893 

1.44622 

1.44434 

1.44234 

1.44078 

1.43861 

- 

REFRACTIVE INDEX OF FUSED QUARTZ 
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The va lue  of T a t  f i v e  d i f f e r e n t  wavelengths i s  0.927, 0.928, 0.932, 

0.932, and 0.934 f o r  wavelengths of 0.35, 0.40, 0.50, 0.70, and 1.00, 
A 

r e s p e c t i v e l y .  

The two p o l a r i z e d  r e f l e c t i o n  c o e f f i c i e n t s  

) may be c a l c u l a t e d  from t h e  f o r  t h e  aluminized m i r r o r s  (s 
o p t i c a l  cons t an t s  of aluminum. An approximation of t h i s  c a l c u l a t i o n  i s  

and R 
S BP 

0 

1 ' 2  (n- - )  + k  
cos@ 

1 2 2  
C n + = )  + k  

RBp = (3 .6 )  

2 

2 2  
- (n - cos@)2 + k 

(n -F cos@) I- k %s - 

where n and k a r e  r e f r a c t i v e  index and abso rp t ion  c o e f f i c i e n t s ,  respec-  

t i v e l y ,  and @ is  angle  of incidence.  T h e  v a l i d i t y  of Equat ions 3 . 6  

were checked by us ing  a more exac t  expres s ion  ( R e f .  2). This  i s  

2 2  2 a + b - 2acosrj + cos  Q 
2 2 a2 + b + 2acos@ + cos  @ 

5 3 s  = 

2 1 2 2 - 2asin@tan@ + s i n  
2 2 

a2  + b 

a2 + b + 2asin@tan@ + s i n  i t a n  

(3 .7)  

t b2 = 2 [ h n 2 - k 2 - n  0 2 s i n 2  (b) + 4n2k2]  - n +k +n 0 2 s i n 2  @ 

and 

11 2 
2 2  

2 

2n 
0 
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where n i s  ( i n  our case)  1.00. F igure  3.6 g i v e s  d a t a  on t h e  o p t i c a l  

c o n s t a n t s  of aluminum from var ious  sou rces .  There appears  t o  be a 

d iscrepancy  of r epor t ed  absorp t ion  c o e f f i c i e n t s  below 0.7 microns.  

The l i n e  curves  w e r e  t h e  values  used f o r  t h e s e  c a l c u l a t i o n s .  Calcu la-  

t i o n s  were made us ing  Equations 3.6 and 3.7 f o r  0 = 45'. 

0 

The v a l u e s  

These compare and RsS us ing  Equation 3.6 are 0.895 and 0.944. 
O f  Rsp 
t o  0.898 and 0.947 f o r  % 
Equations 3.7. A s  a r e s u l t  of t h i s  good agreement t h e  easier Equat ion 

3.6 w a s  used t o  c a l c u l a t e  t h e  p o l a r i z a t i o n  r e f l e c t i o n  c o e f f i c i e n t s  

shown i n  Fig.  3.7. Since  o p t i c a l  c o n s t a n t  d a t a  on aluminum i s  l ack ing  

i n  t h e  1.0 - 2.0 r eg ion  (our r e g i o n  of s p e c t r a l  i n t e r e s t  i s  from 

about 0.3 t o  2.0 p) t h e  dashed p o r t i o n  of  t h e  R and ss curves  

r e p r e s e n t  an i n t e r p o l a t i o n  (a  d a t a  p o i n t  a t  2.0 p (Ref. 3 )  g i v e s  

n = 2.3 and k = 16.5) a ided  by t h e  normal inc idence  curve  (Ref. 7). 

and RBs, r e s p e c t i v e l y ,  as c a l c u l a t e d  from 
P 

BP 

cp' Res, F i n a l l y ,  t h e  b e a m s p l i t t e r  va lues  R 

T and T are needed f o r  t h e  ILS system t r ansmiss ion  c a l c u l a t i o n .  

F igu re  3.8 shows unpolar ized  t ransmiss ion  va lues  f o r  t h e  two beam- 

s p l i t t e r s  used i n  t h e  pro to type  r e f l ec tomete r .  

on a Beckman DU spectrophotometer a t  45' inc idence  and inc lude  i n t e r f a c e  

l o s s e s .  The d a t a  a r e  not  f o r  t h e  two p o l a r i z a t i o n  angles ,  t h u s ,  t h e i r  

use  f o r  t h e  R T and T terms is  an approximation. However, 

i n  view of t h e  l a r g e  number of o p t i c a l  i n t e r f a c e s  i n  t h e  ILS o p t i c a l  

system an approximation on one does not  seem s e r i o u s .  

CP , cs 

These were measured 

cp ,  Res* c p '  c s  

Using Equations 3.5 t h e  p o l a r i z a t i o n  t r a n s -  

miss ion  c o e f f i c i e n t s  f o r  t h e  ILS o p t i c a l  system can be c a l c u l a t e d  

(Table 3.3) .  

- vOo v o  
90 - H o  0 - H o  90 - 

0.35 0.0332 0.0392 0 0425 0.0353 

0.40 0.0354 0 0425 0.0466 0.0383 

0.50 0.0349 0.0432 0.0484 0.0391 

0.70 0.0253 0.0349 0.0411 0.0299 

1.00 0.0415 0.0510 0.0565 0.0460 

TABLE 3.3 POLARIZATION TRANSMISSION COEFFICIENTS 
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The d a t a  from Table 3 . 3  can be  used i n  Equat ion 3 . 2  t o  g i v e  t h e  T o 

and T o t r ansmiss ion  va lues  shown i n  Fig.  3 . 9 .  A s  can  be seen ,  t h e  

average ILS o p t i c a l  t ransmiss ion  i s  about 4%. Also, t h e  apparent  

modulation of  t h e  l i g h t  by v i r t u e  of t h e  a r m  r o t a t i o n  i s  2.4%. 

0 

90 

3 . 2 . 3  S o l a r  V i r t u a l  Image O p t i c a l  System 

The purpose of t h e  s o l a r  v i r t u a l  image o p t i c a l  system 

i s  t o  perform four  s p e c t r a l  and one wh i t e  l i g h t  r e f l e c t a n c e  measurements 

on t h e  s o l a r - c o l l e c t o r  test samples. This  s e c t i o n  inc ludes  a g e n e r a l  

d i s c u s s i o n  of t h e  o p t i c a l  system, alignment problems, system t r ansmiss ion ,  

and t h e  spectral  and whi te  l i g h t  measurements. 

3 . 2 . 3 . 1  SVI O p t i c a l  System 

De ta i l s  of t h e  SVI o p t i c a l  system can be seen  

i n  Fig.  3 . 2  and t h e  photo (Fig. 3.10). A l l  r e f r a c t i n g  elements  o f  t h e  

SVI o p t i c a l  system are made of General  E l e c t r i c  151 fuzed quar tz .  T h i s  

w a s  done n o t  on ly  t o  s imula te  o p t i c a l  c o n d i t i o n s  f o r  t h e  s a t e l l i t e - b o r n e  

instrument  bu t  a l s o  t o  be a b l e  t o  perform a n e a r - u l t r a v i o l e t  s p e c t r a l  

measurement. All r e f l e c t i n g  elements i n  t h e  SVI system are uncoated 

aluminum . 
Sola r  r a d i a t i o n  from t h e  h e l i o s t a t  e n t e r s  

t h e  r e f l e c t o m e t e r  from t h e  quartz  window l o c a t e d  i n  t h e  top  s t r u c t u r a l  

d i sk .  This  window i s  l o c a t e d  i n  t h e  same r a d i a l  d i r e c t i o n  as t h e  z e r o  

pe rcen t  c a l i b r a t e  p o s i t i o n  (Sec t ion  3 . 2 . 4 )  SO t h a t  t h e  obscu ra t ion  of  

t h e  window by t h e  a r m  p resen t s  no problems. 

is ,  of course ,  t o  s imula te  the  s e a l i n g  window of t h e  s a t e l l i t e - b o r n e  

ins t rument  wi th  a sea l ed  system (bear ings) .  

q u a r t z  window t h e  s u n l i g h t  impinges on a s p h e r i c a l  convex r e f l e c t o r  

(5 c m  r a d i u s  of curva ture)  which forms a v i r t u a l  image of t h e  sun. 

This  v i r t u a l  image i s  t h e  l i g h t  source  of t h e  SVI o p t i c a l  system. 

L i g h t  from t h e  v i r t u a l  image i s  r e f l e c t e d  by two f l a t  m i r r o r s  t o  the  

c o l l i m a t i n g  l ens .  The purpose of t h e  two m i r r o r s  i s  t o  o b t a i n  t h e  

proper  sun-line-of-sight/optical a x i s  ang le  and t o  be a b l e  t o  a d j u s t  

The purpose of t h e  window 

A f t e r  pass ing  through t h e  
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t he  s p h e r i c a l  r e f l e c t o r / c o l l i m a t i n g  l e n s  d i s t a n c e .  

s p h e r i c a l  mir ror  i s  a d j u s t a b l e  and t h e  upper of t h e  two m i r r o r s  i s  

a d j u s t a b l e  i n  angle  and he igh t .  

l e n s  ,are f ixed.  

l eng th  wi th  the plano s i d e  toward t h e  v i r t u a l  image and a 2 cm clear  

ape r tu re .  

The ang le  of t h e  

The lower f l a t  m i r r o r  and c o l l i m a t i n g  

The c o l l i m a t i n g  l e n s  (plano-convex) has  a 1 7  cm f o c a l  

Af t e r  t r a v e r s i n g  t h e  c o l l i m a t i n g  l e n s  t h e  

l i g h t  path i s  s imilar  t o  (but  oppos i te )  t h a t  of t h e  LLS o p t i c a l  system, 

i . e .  , beamsp l i t t e r ,  M 3 ,  t i l t e d  window, 

window, M 3 ,  and beamsp l i t t e r .  Here, of cour se ,  t h e  l i g h t  i s  t r a n s m i t t e d  

through t h e  quartz beamsp l i t t e r  and r e f l e c t s  o f f  t h e  g l a s s  b e a m s p l i t t e r .  

A f t e r  r e f l e c t i o n  o f f  t h e  l a s t  beamsp l i t t e r  t h e  l i g h t  e n t e r s  t h e  quar tz  

d i s p e r s i n g  prism. Upon e n t e r i n g  t h e  f i r s t  f a c e  of t h e  60 d i s p e r s i n g  

pr ism t h e  l i g h t  goes t o  the  second f ace .  Here t h e  l i g h t  i s  d iv ided  

and p a r t  of i t  i s  r e f r a c t e d  a t  t h e  second f ace  and i s  d i spe r sed  i n t o  

t h e  spectrum f o r  t h e  fou r  s p e c t r a l  measurements. 

r e f l e c t e d  from t h e  second f ace ,  passes  out  through t h e  t h i r d  f ace  f o r  

t h e  wh i t e  l i g h t  r e f l e c t a n c e  measurement. L igh t  pass ing  through the  

pr ism i n  t h i s  l a t t e r  method undergoes no d i s p e r s i o n .  

focusses  t h e  w h i t e  l i g h t  energy on t h e  d e t e c t o r  i n  a s i m i l a r  manner 

t o  t h e  ILS system. To g a i n  some s p e c t r a l  r e s o l u t i o n ,  u se  i s  made of t h e  

ast igmatism produced by t h e  s p h e r i c a l  convex r e f l e c t o r  forming t h e  

v i r t u a l  s o l a r  image. An a r r ay  of fou r ,  4 x 4 mm PbS d e t e c t o r s  complete 

t h e  s p e c t r a l ’ p o r t i o n  of t h e  SVI o p t i c a l  system. Two f l a t  m i r r o r s  are 

used i n  t h e  SVI system because of s p a t i a l  r e s t r i c t i o n s  i n  t h e  r e f l e c -  

tometer .  

f i e l d  l e n s  and the  o the r  i s  between t h e  p r i s m  and t h e  fou r  s p e c t r a l  

t i l t e d  M4J MgJ 5’ M 4 )  

0 

The o t h e r  p a r t  i s  

A f i e l d  l e n s  

One mir ror  i s  between t h e  60’ prism and t h e  wh i t e  l i g h t  

d e t e c t o r s .  

3 . 2 . 3 . 2  SVI System Alignment 

There are two major causes  of t h e  SVI o p t i c a l  

system misalignment. One cause i s  s o l a r  o r i e n t a t i o n  and t h e  o t h e r  i s  

sample  misalignment,  The problem of s o l a r  o r i e n t a t i o n  i s  r e l a t e d  t o  
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t h e  problem of s a t e l l i t e  a t t i t u d e  c o n t r o l  and r e p r e s e n t s  a major 

des ign  i n t e r f a c e  between t h e  r e f l ec tomete r  ins t rument  and t h e  s a t e l l i t e  

system ( i n  p a r t i c u l a r  t h e  a t t i t u d e  c o n t r o l  subsystem). 

The p o s i t i o n  of t h e  s o l a r  v i r t u a l  image i s  

a func t ion  of t h e  average angle of inc idence  of t h e  s u n l i g h t  on t h e  

s p h e r i c a l  r e f l e c t o r .  

r e f l e c t i n g  su r face .  I f  t h e  p o s i t i o n  of t h e  s o l a r  v i r t u a l  image i s  

s h i f t e d  due t o  s a t e l l i t e  misalignment,  then  a misal ignment  of t h e  o p t i c a l  

system occurs .  

a x i s ,  t hen  t h e  o p t i c a l  a x i s  of t h e  SVI system between t h e  s p h e r i c a l  

r e f l e c t o r  and t h e  co l l ima t ing  l e n s  may be chosen as t h e  yaw axis. The 

p i t c h  a x i s  i s  then  or thogonal  t o  t h e  o t h e r  two axes. S a t e l l i t e  m i s -  

al ignment i n  t h e  p i t c h  a x i s  is t h e  most s e r i o u s  and only  t h i s  w i l l  be 

considered.  

The term average i s  used because o f  t h e  s p h e r i c a l  

I f  t h e  s p i n  ax i s  of t h e  s a t e l l i t e  i s  cons idered  t h e r o l l  

Figure 3.11 i l l u s t r a t e s  t h e  geometry between 

t h e  impinging s o l a r  r a d i a t i o n ,  t h e  s p h e r i c a l  r e f l e c t o r ,  and t h e  c o l l i -  

mat ing l e n s .  

o f  s o l a r  r a d i a t i o n  on t h e  r e f l e c t o r .  The angle  B ,  def ined  by B = y - 
r e p r e s e n t s  s a t e l l i t e  misalignment i n  t h e  p i t c h  axis r e s u l t i n g  i n  t h e  

o p t i c a l  system misalignment 0 .  The r a d i u s  of c u r v a t u r e  of t h e  s p h e r i c a l  

r e f l e c t o r  i s  R and d i s  t h e  d i s t a n c e  between t h e  p o i n t  of r e f l e c t i o n  o f  

t h e  average r a y  and t h e  co l l ima t ing  l ens .  

The angle  yo i s  t h e  average o r  nominal angle  of i nc idence  

YO J 

From t h e  l a w  of s i n e s  t h e  fo l lowing  expres s ion  

can  be w r i t  t e n  

s i n  0 - -  s i n  (y + $1 
R c o s a + d + b  - R  

However 

and s i n  (y 4- J r )  = s i n  y 
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A l s o ,  

R s i n  cy 
t a n  0 b =  (3.10) 

S u b s t i t u t i n g  Equations 3.9 and 3.10 i n t o  3.8 and r ea r r ang ing  t e r m s  we  

o b t a i n  

s i n  y = (d/R + cos a) s in8  3. s i n  cu cos  8 (3.11) 

This  expres s ion  ho lds  only when t h e  angle  8 i s  above t h e  o p t i c a l  axis. 

When 0 i s  below t h e  o p t i c a l  axis Equat ion 3.11 becomes 

s i n  y = ( d / R  - cos  cy) sin8 + s i n  cy cos 8 (3.12) 

Equations 3.11 and 3.12 were solved numer ica l ly ,  

and 8 were chosen and so lved  f o r  y. The t e r m  $ w a s  c a l c u l a t e d  f o r  

Equation 3.11 by means of 

Values f o r  d/R, cy, 

@ = 1 8 0 + 8 - 2 y  

and @ = 180 - 2 cy 

and $ = @ , - @ = y - y ,  
0 

For Equat ion 3.12 t h e  t e r m  B was c a l c u l a t e d  by means of 

g!l = 0 + 2 y  

and @o = 2 cy 

and $ = r $ o - @ = y o - y  

The r e s u l t s  of t h e s e  c a l c u l a t i o n s  are shown 

i n  Fig.  3.12 where t h e  t h r e e  main parameters  a f f e c t i n g  t h e  SVI o p t i c a l  

system misalignment are t h e  angle  

sun l ine-of -s ight /SVI  o p t i c a l  axis ang le ) ,  t h e  r a t i o  d/R and t h e  

(which i s  r e l a t e d  t o  t h e  nominal 
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s a t e l l i t e  s o l a r  o r i e n t a t i o n  accuracy. From F ig .  3.12 i t  can be seen  

t h a t  f o r  a given s a t e l l i t e  o r i e n t a t i o n  accuracy t h e  SVL o p t i c a l  system 

misalignment can be minimized by i n c r e a s i n g  t h e  angle  CY and t h e  r a t i o  

of d/R. A s  Q i n c r e a s e s  t h e  length  of t h e  a s t i g m a t i c  image (Sec t ion  

3.2.3.4) i n c r e a s e s  and v i g n e t t i n g  becomes a problem (assuming t h e  

r o t a t i n g  a r m  c r o s s  s e c t i o n  i s  c o n s t a n t ) .  A s  t h e  d/R r a t i o  i n c r e a s e s  

t h e  c o l l e c t e d  energy decreases  by approximately t h e  i n v e r s e  square  of 

t h i s  r a t i o  (assuming a cons tan t  a p e r t u r e  f o r  t h e  c o l l i m a t i n g  l e n s ) .  

These a r e  t h e  SVI o p t i c a l  system t r a d e - o f f s  w i t h  r e s p e c t  t o  s a t e l l i t e  

a t t i t u d e  c o n t r o l .  The demonstrat ion model of t h e  o p t i c a l  system has 

a d/R r a t i o  of about 4 and an CY of  about 40°. Under t h e s e  c o n d i t i o n s  

a s a t e l l i t e  a t t i t u d e  c o n t r o l  accuracy of  5 4 (which s e e m s  reasonable)  

w i l l  r e s u l t  i n  a SVI o p t i c a l  s y s t e m  misalignment of  22 minutes  of a r c .  

This  misalignment can be accommodated by t h e  SVI o p t i c a l  system whi te  

l i g h t  d e t e c t o r .  The r e s u l t s  of t h i s  misalignment on t h e  s p e c t r a l  

measurements w i l l  be d iscussed  i n  S e c t i o n  3.2.3.4. 

0 

The o t h e r  source  of  S V I  o p t i c a l  system 

misalignment i s  t h a t  due t o  t h e  sample. With r e s p e c t  t o  t h e  SVI whi te  

l i g h t  measurement t h e  alignment c o n s i d e r a t i o n s  are very  much t h e  same 

a s  wi th  t h e  ILS o p t i c a l  system. Here t h e  c r i t i c a l  f a c t o r  i s  t h e  s i z e  

( c r o s s  s e c t i o n )  of t h e  o p t i c a l  beam a t  t h e  f i e l d  l e n s  s i n c e  t h e  f i e l d  

l e n s  images t h e  sample on t h e  d e t e c t o r .  The average s i z e  of t h e  beam 

a t  t h e  f i e l d  l e n s  i s  0.6 cm. The c l e a r  a p e r t u r e  of  t h e  f i e l d  l e n s  i s  

2 c m  (a l though it  could be  l a r g e r  s i n c e  i t  i s  f u r t h e r  from t h e  sample 

than  t h e  f i e l d  l e n s  of t h e  ICs system). T.hus, t h e  beam can  be d i s p l a c e d  

a t  t h e  f i e l d  l e n s  - +0.7 cm and s t i l l  pass  t h e  c lear  a p e r t u r e .  The 

d i s t a n c e  from t h e  f i e l d  l e n s  t o  t h e  sample i s  48 cm which r e p r e s e n t s  a 

sample misalignment of -t - 0.8' f o r  t h e  SVI w h i t e  l i g h t  measurement. 

I n  t h e  case of t h e  s p e c t r a l  measurements a 

s a m p l e  misalignment w i l l  mani fes t  i t s e l f  i n  two ways. One i s  along o r  

p a r a l l e l  t o  t h e  wavelength s c a l e  and t h e  o t h e r  i s  normal t o  t h i s  scale. 

I f  any s p e c t r a l  r e s o l u t i o n  i s  t o  be maintained (via t h e  a s t i g m a t i c  image) 
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i t  appears  t h a t  very  l i t t l e  can be done about t h e  problem o f  sample 

misalignment mani fes t ing  i t s e l f  p a r a l l e l  t o  t h e  wavelength a x i s ,  T h i s  

w i l l  r e s u l t  i n  a s h i f t  of  t h e  spectrum over  t h e  f o u r  d e t e c t o r s .  T h i s  

s p e c t r a l  s h i f t  could  be measured (not  a s o l u t i o n  t o  t h e  problem) by 

p l a c i n g  a beam s p l i t t e r  between t h e  60' prism and t h e  w h i t e  l i g h t  f i e l d  

8 l ens .  This  b e a m s p l i t t e r  could r e f l e c t  ( o r  t r a n s m i t )  a p o r t i o n  of  t h e  

beam energy t o  a p a i r  of ad jacent  d e t e c t o r s  which would measure t h e  

beam d e f l e c t i o n  (due t o  sample misalignment o r  a t t i t u d e  c o n t r o l )  by a 

comparison of t h e i r  r e s u l t i n g  s i g n a l s .  This  a d d i t i o n a l  b e a m s p l i t t e r  

w i l l  lower t h e  r a d i a n t  energy f a l l i n g  on a l l  t h e  SVI o p t i c a l  system 

d e t e c t o r s  bu t  wi th  a d/R r a t i o  of  4 t h i s  i s  n o t  expected t o  be s e r i o u s .  

A b e t t e r  s o l u t i o n  t o  t h e  sample and s a t e l l i t e  

a t t i t u d e  misalignment would be t o  modify t h e  SVI o p t i c a l  system. This  

m o d i f i c a t i o n  would c o n s i s t  of  p l a c i n g  a s h o r t  f o c a l  l e n g t h  f i e l d  l e n s  

immediately ad jacent  t o  t h e  l a s t  b e a m s p l i t t e r .  This  f i e l d  l e n s  would 

form a s m a l l  image of t h e  sample which would become t h e  e n t r a n c e  s l i t  

f o r  t h e  spectrometer .  The p o s i t i o n  of t h i s  image would be i n s e n s i t i v e  

t o  sample misalignment and r e l a t i v e l y  i n s e n s i t i v e  t o  a t t i t u d e  misa l ign-  

ment. A l so ,  t he  p o s i t i o n  of t h i s  image would b e  i n s e n s i t i v e  t o  any 

sample c u r v a t u r e .  The l i g h t  from t h i s  e n t r a n c e  s l i t  image would be 

c o l l i m a t e d  by a l e n s  and s e n t  through t h e  d i s p e r s i n g  pr ism.  Another 

l ens  would form a n  image of  t h e  e n t r a n c e  s l i t  image a t  a d i s t a n c e  com- 

p a t i b l e  w i t h  the r e q u i r e d  s p e c t r a l  r e s o l u t i o n ,  d e t e c t o r  a r r a y  s i z e  and 

a n g u l a r  s p e c t r a l  d i s p e r s i o n .  This  m o d i f i c a t i o n  should  s o l v e  the  sample 

and s a t e l l i t e  misalignment and sample c u r v a t u r e  problems. 

3 . 2 . 3 . 3  SVI O p t i c a l  System Transmission 

A s  w i t h  t h e  ILS o p t i c a l  system, t h e  SVI o p t i c a l  

system t ransmiss ion  should be eva lua ted  w i t h  r e s p e c t  t o  t h e  l i g h t  beam 

p o l a r i z a t i o n  components. This  i s  e s p e c i a l l y  t r u e  h e r e  s i n c e  t h e  r e f l e c -  

t i o n s  and r e f r a c t i o n s  a t  t h e  60° pr ism could  b e  p a r t i c u l a r l y  s e n s i t i v e  
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t o  p o l a r i z a t i o n .  

s u n l i g h t  t o  t h e  d e t e c t o r  f o r  t h e  s p e c t r a l  measurements and Table  3.5 

does t h e  same f o r  t h e  SVI whi te  l i g h t  measurement. Of course ,  f o r  t h e  

s a t e l l i t e - b o r n e  instrument  t h e  two h e l i o s t a t  m i r r o r s  would no t  be needed. 

Table 3.4 t r a c e s  t h e  l i g h t  pa th  from t h e  incoming 

Considering f i r s t  t h e  o p t i c a l  i n t e r f a c e s  of 

t h e  s p e c t r a l  measuring system, i n t e r f a c e s  3, 7 ,  10, and 15 are t h e  same 

as T (Sec t ion  3.2.2.3) and have no p o l a r i z a t i o n  components. I n t e r f a c e s  

1, 2, 4 ,  5, 6, 9,  11, 1 2 ,  13, 14,  16, and 20 are t h e  same as t h e  

and %s terms of Sec t ion  3.2.2.3. 

A 

%P 
I n t e r f a c e s  8 and 17 are t h e  same as 

and R R (beamsp l i t t e r ) ,  r e s p e c t i v e l y  of S e c t i o n  3.2.2.3. the TcpJ  Tcs, cp: cs 
I n t e r f a c e s  18 and 1 9  can  be c a l c u l a t e d  from 

F r e s n e l ' s  equat ions .  The p o l a r i z a t i o n  r e f l e c t i o n  c o e f f i c i e n t s  f o r  t h e  

r e f l e c t i o n  a t  i n t e r f a c e  

s i n  2 (I$-@ t ), - 
- 2  s i n  (w') R18s 

- 2 

2 

and 
t a n  (a a ' )  

I8p t a n  (MI)  

R =  

where r#~ i s  t h e  angle  of 

of r e f r a c t i o n  ( s i n  = 

t hen  

and 

5101-Final 

18 are 

(3.13) 

incidence on i n t e r f a c e  18 and a' i s  t h e  angle  

s i n  @/n). The t r ansmiss ion  of  i n t e r f a c e  18 i s  

(3.14) 
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I n t e r f a c e  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Sample 

13 

14 

15 

16 

1 7  

18 

19 

20 

Op t i ca l  Element 

H e l i o s t a t  mi r ro r  

Hel ios  t a t  mi r ro r  

Quartz window 

Spher i ca l  r e f l e c t o r  

Mirror  

Mirror  

Col l imat ing  l e n s  

Beams p l i  t ter 

Mirror  M (Fig.  3.2) 

Qu ar t z window 

Mirror M 

Mirror M 

3 

4 

5 

5 

4 

Mirror  M 

Mirror  M 

Quartz window 

Mirror  M 

Beams p 1 i t  t er 

Prism (60') - f i r s t  f ace  

Prism (60') - second f a c e  

Mirror  ( fo ld ing)  

3 

Type 

R e f l e c t i o n  

R e f l e c t i o n  

Transmission 

R e f l e c t  i on  

Re f l e c  t ion  

R e f l e c t i o n  

Transmiss i o n  

Transmission 

Ref l ec t  i on  

Transmission 

R e  f 1 ec  t ion  

Re f l e  c t i o n  

R e f l e c t i o n  

Ref l ec t  i on  

Transmission 

R e f l e c t i o n  

R e f l e c t i o n  

Transmission 

Transmission 

Re f 1 ec  t i o n  

TABLE 3.4 OPTICAL INTERFACES - SVI SYSTEM - SPECTRAL 
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Interface 

1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 
Sample 

13 

14 
15 
16 

17 
18 
19 

20 

21 

22 

Optical Element 

Heliostat mirror 

Heliostat mirror 

Quartz window 

Spherical reflector 

Mirror 

Mirror 

Collimating lens 

Beamsplit ter 

Mirror M 

Quartz window 

Mirror M 
Mirror M 

3 

4 

5 

5 

4 

Mirror M 
Mirror M 

Quartz window 
Mirror M 

Beamsplit ter 

Prism (60') - first face 
Prism (60') - second face 
Prism (60') - third face 
Mirror (folding) 

Field lens 

3 

Type 

Reflect ion 

Reflect ion 

Transmiss ion 

Reflection 

Reflect ion 

Reflection 

Transmission 

Transmission 

Reflection 

Tr ansmis s ion 

Re f lec t ion 

Re f lec t ion 

Reflection 

Reflection 

Transmiss ion 

Re f lec t ion 
Reflection 

Transmission 

Reflection 

Transmission 

Reflection 

Transmission 

TABLE 3.5 OPTICAL INTERFACES - SVI SYSTEM - WHITE LIGHT 
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I n  a s i m i l a r  manner t h e  t r ansmiss ion  o f  i n t e r f a c e  19 can  be w r i t t e n  

s i n 2  ( e - e ' )  
T19s s i n  (e+€)')  2 (3.15) 

t a n 2  ( e - e l )  

19P t a n  (Ne') 2 T = 1 -  

where 8 = 60 - q j '  and s i n  8'  = n s i n  8 .  

used t o  c a l c u l a t e  t he  t ransmiss ions  of i n t e r f a c e s  18 and 19 us ing  

qj = 28'. 

Equat ions 3.14 and 3.15 were 

These t r ansmiss ion  va lues  are shown i n  Table  3.6. 

T18s 
T 

18P 

19P 

T19s 
T 

0.35 

0.949 

0.975 

0.558 

0.843 

TABLE 3.6 

WAVELENGTH 01) 
0.40 0.50 0.70 1.00 

0.952 0.949 0.952 0.952 

0.975 0,975 0.977 0.977 

0.672 0.580 0.616 0.658 

0.864 0.891 0.918 0.925 

- 

PRISM TRANSMISSION VALUES FOR 

SPECTRAL MEASUREMENTS 

The p o l a r i z a t i o n  t r ansmiss ion  c o e f f i c i e n t s  

of t h e  s p e c t r a l  SVI o p t i c a l  system f o r  two d i f f e r e n t  r o t a t i n g  arm 

p o s i t i o n s  (using t h e  same V and 14 p o l a r i z a t i o n  d i r e c t i o n s  as i n  S e c t i o n  

3.2.2.3) can  now be w r i t t e n  as: 
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195 x T  4 11 
TV oo = TA x Tcs BP %s T18s 

7 5 
TV goo = T : x T  c s  x R  BP x R B s  18s 19s 

TH 0' = T ; x T  C P  x R  Bs %p c p  18p 19p 

TH 90' = T : x T  C P  x R B s  Bp cp  18p 19p 

x T  x T  

x R  x T  x T  11 

x R 5  x R  x T  x T  

and 
TV 0' -t TH 0' 

2 T o =  0 

(3.16) 

(3.17) 

TV 90' i- TH 90' 
2 T = 

T a b l e  3.7 shows the results of E q u a t i o n s  3.16 and 3.17. 

goo 
T o  U k l  TV oo TV 90' TH 0' TH 90° 0 

0.35 0.0110 0.0131 0.0250 0.0211 0.0180 0.0171 

0.40 0.0122 0.0146 0.0282 0.0234 0.0202 0.0190 

0.50 0.0123 0.0153 0.0296 0.0239 0.0210 0.0196 

0.70 0.0076 0.0104 0.0222 0.0158 0.0149 0.0131 

1.00 0.0175 0.0216 0.0390 0.0319 0.0283 0.0268 

TABLE 3.7 SVI SPECTRAL MEASUREMENT 

POLARIZATION AND TOTAL TRANSMISSION VALUES 
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Considering now the  t ransmiss ion  of t h e  SVI 

whi te  l i g h t  measuring po r t ion  of t h e  o p t i c a l  system, t h e  o p t i c a l  i n t e r -  

faces  are t h e  same as t h e  s p e c t r a l  up t o  and inc luding  I n t e r f a c e  18 

(Table 3.5). 

F re sne l ' s  equat ions as i s  t h e  t ransmiss ion  of I n t e r f a c e  20. I n t e r f a c e s  

2 1  and 22 have been descr ibed  before .  The p o l a r i z a t i o n  t ransmiss ion  

c o e f f i c i e n t s  of t h e  white  l i g h t  SVI o p t i c a l  system f o r  two d i f f e r e n t  

r o t a t i n g  a r m  pos i t i ons  can now be w r i t t e n  as 

The r e f l e c t i o n  from I n t e r f a c e  19 i s  c a l c u l a t e d  from 

20s x R  x T  x R  x T  11 
Bp %s c s  18s 19s x R  TV oo = TA x Tcs 5 

x R 7  x R 5  x R  x T  x R  x T  (3.18) 5 
TV 90' = TA Tcs BP B s  x cs  18s 19s 20s 

=T:xT x R  x R  x R  x T  x R  x T  TH 0' C P  Bs  Bp c p  18p 19p 20p 

TH 90' =T:x7 C P  x R 7 B s x R 5  Bp x R  c s  x T  18s x R  19s x T  20 s 

Table 3.8 shows the  r e s u l t s  of Equations 3.17 and 3.18. 

goo T o  x (p) TV oo TV 90' TH 0' TH 90' 0 

0.35 0.0083 0.0098 0.0045 0.0038 0.0064 0.0068 

0.40 0.0084 0.0101 0.0043 0.0036 0.0064 0.0069 

0.50 0.0072 0.0091 0.0035 0.0029 0.0054 0.0060 

0.70 0.0038 0.0050 0.0019 0.0014 0.0029 0.0032 

1.00 0.0082 0.0100 0.0031 0.0025 0.0057 0.0068 

TABLE 3.8 SVI WHITE LIGHT MEASUREMENT 

POLARIZATION AND TOTAL TRANSMISSION VALUES 
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Figure  3.13 shows t h e  t o t a l  t r ansmiss ion  o f  

both t h e  s p e c t r a l  and whi te  l i g h t  p o r t i o n s  of t h e  SVI o p t i c a l  f o r  

r o t a t i n g  a r m  p o s i t i o n s  of  0 and 90°. 

i s  purpose ly  h igher  t han  t h e  white  l i g h t  s i n c e  t h i s  energy has  t o  be  

shared  by f o u r  d e t e c t o r s .  The adjustment of t h e  energy r a t i o  t o  t h e  

two types  of measurements is t h e  en t r ance  ang le  of inc idence  t o  t h e  

prism. The d i p  i n  t h e  t ransmiss ion  curves  a t  0.80 )1 i s  due t o  t h e  

aluminized mi r ro r s .  The drop-off of t h e  s p e c t r a l  measurement t r a n s -  

miss ion  i n  t h e  v i o l e t  i s  due t o  the energy d i v i s i o n  a c t i o n  of t h e  pr ism,  

i.e., t h e  v i o l e t  i s  r e f l e c t e d  more than  t h e  nea r  i n f r a r e d .  T h i s  a l s o  

e x p l a i n s  why t h e  t r ansmiss ion  r i s e s  s o  s h a r p l y  i n  t h e  near  i n f r a r e d  f o r  

t h e  s p e c t r a l  measurement t ransmiss ion  curve.  

0 The s p e c t r a l  system t r ansmiss ion  

The apparent  modulat ion of t h e  l i g h t  beam by 

t h e  a c t i o n  of t h e  r o t a t i n g  a r m  i s  7 - 8%. This  i s  g r e a t e r  t han  t h e  

apparent  modulat ion i n  t h e  ILS o p t i c a l  system because t h e  l i g h t  beam 

is  more p o l a r i z e d  (due t o  the  g r e a t e r  number of mi r ro r s )  when it e n t e r s  

t h e  r o t a t i n g  a rm.  The t ransmiss ions  of bo th  t h e  s p e c t r a l  and wh i t e  

l i g h t  o p t i c a l  systems are admit tedly low.  However, a l l  o p t i c a l  e lements  

are performing necessary  func t ions  i n  t h e  s i m u l a t i o n  of t h e  s a t e l l i t e -  

borne instrument  o p t i c a l  system (with t h e  excep t ion  of  t h e  h e l i o s t a t  

m i r r o r s ) .  

3 . 2 . 3 . 4  S p e c t r a l  Measurements 

The r e s u l t s  of  c o n t r a c t  number NAS 1-2880 

i n d i c a t e d  t h a t  t h e  measurement of s p e c t r a l  r e f l e c t i v i t y  w a s  d e s i r a b l e  

i n  t h e  e v a l u a t i o n  of s o l a r - c o l l e c t o r  sample degrada t ion  i n  t h e  space 

environment. The knowledge o f  s p e c t r a l  r e f l e c t a n c e  degrada t ion  i s  no t  

on ly  u s e f u l  w i th  r e s p e c t  t o  engineer ing  and s c i e n t i f i c  d a t a  of  sample 

performance bu t  a l s o  y i e l d s  c lues  as t o  t h e  p o s s i b l e  causes  of  degrada- 

t i o n .  Therefore ,  i t  w a s  recomnended i n  t h e  above c o n t r a c t  t h a t  c o a r s e  

s p e c t r a l  measurements be performed w i t h  t h e  s o l a r  c o l l e c t o r  t es t  

sa te l l i t e .  
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I n  order  t o  achieve  meaningful s p e c t r a l  

r e f l e c t a n c e  d a t a  some degree of s p e c t r a l  r e s o l u t i o n  must be r e a l i z e d .  

A degree of  s p e c t r a l  r e s o l u t i o n  is  achieved i n  t h e  demonstrat ion model 

o p t i c a l  system by focuss ing  the  a s t i g m a t i c  image formed by t h e  s p h e r i c a l  

convex r e f l e c t o r  and t h e  co l l ima t ing  l e n s  of t h e  SVI o p t i c a l  system on 

t h e  d e t e c t o r  a r r ay .  The l i g h t  emanating from t h i s  combination of  

o p t i c a l  e lements  produces two mutual ly  pe rpend icu la r  a s t i g m a t i c  l i n e  

images a t  d i f f e r e n t  d i s t a n c e s  from t h e  c o l l i m a t i n g  l e n s .  

For maximum spectral  r e s o l u t i o n  t h e  wid th  o f  

t h e  a s t i g m a t i c  l i n e  should be a minimum. The width of t h e  l i n e  i s  a 

func t ion  of t h e  r a d i u s  of  curva ture  of  t h e  s p h e r i c a l  r e f l e c t o r  and t h e  

r a t i o  of t h e  image and o b j e c t  d i s t ances  (magni f ica t ion)  of t h e  c o l l i -  

mating l ens .  The l a r g e r  t h e  rad ius  of c u r v a t u r e  of t h e  s p h e r i c a l  

r e f l e c t o r ,  t h e  wider  t h e  a s t igma t i c  l i n e  image w i l l  be. The image 

d i s t a n c e  ( o p t i c a l  pa th  from the  c o l l i m a t i n g  l e n s  t o  image) i s  r a t h e r  

l a r g e  (due t o  t h e  voyage up and back i n  t h e  r o t a t i n g  a rm)  and f ixed .  

Thus, t h e  only c o n t r o l  over image width i s  by means of t h e  r a d i u s  of  

cu rva tu re  of t h e  s p h e r i c a l  r e f l e c t o r  and t h e  o b j e c t  d i s t a n c e  which can  

be ad jus t ed  by changing t h e  foca l  l eng th  of t h e  c o l l i m a t i n g  l e n s .  To 

minimize t h e  a s t i g m a t i c  image width t h e  s p h e r i c a l  r e f l e c t o r  r a d i u s  of 

cu rva tu re  must be smaller and/or t h e  c o l l i m a t i n g  l e n s  f o c a l  l e n g t h  

longer .  For a g iven  co l l ima t ing  l e n s  a p e r t u r e ,  bo th  t h e s e  parameters  

w i l l  a f f e c t  t h e  l i g h t  ga the r ing  a b i l i t y  of t h e  SVI o p t i c a l  system by 

roughly t h e i r  i n v e r s e  square.  Also, packaging c o n s i d e r a t i o n s  w i l l  

l i m i t  t h e  c o l l i m a t i n g  l e n s  foca l  length .  Thus, a system t r ade -o f f  must 

be achieved. 

The l e n g t h  of t h e  a s t i g m a t i c  image i s  a 

func t ion  of t h e  angle  between t h e  sun - l ine -o f - s igh t  and t h e  SVI system 

o p t i c a l  axis (180 - G o ,  Fig. 3.11) and t h e  angular  a p e r t u r e  of t h e  

c o l l i m a t i n g  l ens .  

s a m e  as t h e  width and t h e r e  is no a s t i g m a t i c  l i n e .  A s  t h e  ang le  180 - Go 
i n c r e a s e s ,  astigmatism appears and t h e  l e n g t h  of  t h e  image i n c r e a s e s  wi th  

ve ry  l i t t l e  i n c r e a s e  i n  width. 

When 180 - Go i s  zero t h e  l e n g t h  of t h e  image i s  t h e  

5101-Final 3 -41 



With t h e  demonstrat ion model r e f l e c t o m e t e r  

i s  about 45'. Under t h e s e  c o n d i t i o n s  t h e  wid th  of 
$0 

t h e  angle  180 - 
t h e  l i n e  image i s  about 1 mm and t h e  l eng th  i s  about  5 - 6 nun. The 

l i n e  image n e a r e s t  t h e  c o l l i m a t i n g  l e n s  i s  used s i n c e  t h i s  i s  s l i g h t l y  

sma l l e r  i n  width than  t h e  o t h e r  image. The d e t e c t o r  a r r a y  c o n s i s t s  of  

fou r  4 x 4 mm l ead  s u l f i d e  d e t e c t o r s  immediately ad jacen t  i n  a row. 

The d e t e c t o r  s i z e  w a s  chosen from image l eng th ,  s p e c t r a l  d i s p e r s i o n ,  

and s igna l - to -no i se  r a t i o  cons ide ra t ions .  

S ince  t h e  width of t h e  a s t i g m a t i c  image i s  

somewhat f i x e d  by t h e  image d i s t a n c e  and energy c o n s i d e r a t i o n s  ( v i a  

s p h e r i c a l  r e f l e c t o r  r a d i u s  of c u r v a t u r e  and c o l l i m a t i n g  l e n s  f o c a l  

length)  t h e  s p e c t r a l  r e s o l u t i o n  can only be i n c r e a s e d  by i n c r e a s i n g  

t h e  angular  s p e c t r a l  d i s p e r s i o n  of t h e  qua r t z  p r i s m  and/or  t h e  d i s t a n c e  

between t h e  prism and t h e  d e t e c t o r s .  The angular  d i s p e r s i o n  i s  a 

func t ion  of t h e  pr ism apex angle ,  t h e  pr ism mater ia l ,  and t h e  ang le  

of inc idence  on t h e  pr ism en t r ance  face .  An apex angle  of 60 w a s  

chosen as a r e s u l t  of t r ade -o f f  c o n s i d e r a t i o n s  of d e t e c t o r  s i z e  

( s p e c t r a l  r e s o l u t i o n  and p r i sm/de tec to r  d i s t a n c e )  and t h e  d i v i s i o n  

of energy between t h e  s p e c t r a l  and whi te  l i g h t  measurements. The 

angle  of incidence w a s  chosen t o  be about 40 

t ions .  

0 

0 from t h e  same cons idera-  

F igu re  3.14 shows t h e  angu la r  d i s p e r s i o n  

The 0 curve  f o r  t h e  60' quar t z  pr ism wi th  a 40 

angles  g iven  i n  Fig.  3.14 are t h e  ang le s  of  r e f r a c t i o n  of t h e  l i g h t  

emerging from the second f ace  of t h e  prism. Curves are a l s o  g iven  f o r  

39' 50' and 40' 10' which would correspond t o  a & 2' sa t e l l i t e  a t t i t u d e  

c o n t r o l  misalignment of t h e  S V I  system. It can  be seen  t h a t  t h i s  would 

r e s u l t  i n  a 2 0.02 p s p e c t r a l  s h i f t  a t  0.4 I-I and a 2 0.16 p s h i f t  a t  

1.7 V. A s  w i l l  be seen  s h o r t l y ,  t h i s  i s  comparable t o  t h e  s p e c t r a l  

r e s o l u t i o n  as determined by t h e  a s t i g m a t i c  image s i z e .  

F igu re  3.15 shows t h e  s o l a r  spectrum o u t s i d e  

ang le  of  inc idence .  

t h e  e a r t h ' s  atmosphere and a t  sea l e v e l  w i t h  two a i r  masses ( t h i s  
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0 
corresponds  t o  a 60 z e n i t h  angle) .  For t h e  s a t e l l i t e - b o r n e  ins t rument  

it would be d e s i r a b l e  t o  cover  the  s p e c t r a l  range from, say,  0.3 t o  2.0 V. 

However, t h e  demonstrat ion model r e f l e c t o m e t e r  ope ra t e s  a t  sea l e v e l  and 

t h e  s o l a r  spectrum i s  c u t  down a t  e i t h e r  end of t h i s  s p e c t r a l  range by 

two a i r  masses. 

s p e c t r a l  reg ion .  From Fig.  3.14 it can  be seen  t h a t  t h i s  r e p r e s e n t s  a 

2.9' angle  (55.69' - 52.79' = 2.9'). 

a r r a y  i s  1.8 c m  ( t h i s  i nc ludes  t h e  i n t e r s t i c e s )  t h e n  

Thus, t he  demonstrat ion model covers  t h e  0.38 t o  1.75 )-I 

I f  t h e  t o t a l  l eng th  of  t h e  d e t e c t o r  

= 35.5 cm 1.8 
0 t a n  2 .9  

and t h i s  i s  t h e  d i s t a n c e  between t h e  pr ism and t h e  d e t e c t o r  a r r ay .  

Because of  t h i s  d i s t a n c e  i t  w a s  necessary  t o  use  t h e  o p t i c a l  pa th  f o l d i n g  

m i r r o r .  

Figure 3.15 a l s o  shows t h e  s p e c t r a l  area of  

coverage of t h e  d e t e c t o r  a r ray .  

coverage r e p r e s e n t  s p e c t r a l  over lap  due t o  t h e  wid th  o f  t h e  astigmatic 

image. Because of t h e  g r e a t e r  d i s p e r s i o n  of qua r t z  a t  lower wavelengths ,  

t h e  r e s o l u t i o n  i s  b e t t e r  i n  the  b l u e  than  i n  t h e  nea r  i n f r a r e d .  

The s lop ing  l i n e s  between t h e  areas of 

The r e s o l u t i o n  of t h e  pr ism as determined by 

d i f f r a c t i o n  may be  w r i t t e n  (Ref. 8) 

B X  

where 6X 
t h e  base  

1 x- h 
b , dn/& 

= -  

i s  t h e  smallest s p e c t r a l  d i s t a n c e  which can  be r e so lved ,  b i s  

of t h e  pr ism (whose a p e r t u r e  i s  f i l l e d  wi th  1 igh t ) and  dn/dh i s  

t h e  d i s p e r s i o n  of t h e  quar tz .  The l i g h t  beam, of cour se ,  does n o t  f i l l  

t h e  e n t i r e  pr ism a p e r t u r e  ( fo r  misalignment purposes) bu t  it would f i l l  

t h e  a p e r t u r e  of a pr ism wi th  a 0.5 cm base.  

Table  3 . 9  shows t h e  s p e c t r a l  r e s o l u t i o n  due t o  d i f f r a c t i o n .  

Using t h i s  v a l u e  f o r  b,  
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U A  
0.38 

0.46 

0.62 

1.06 

1.75 

dn/dX (p-1) 

0.1359 

0.0601 

0.0345 

0.0119 

0.0130 

w 
0.00056 

0.00153 

0.00358 

0.01774 

0.0269 

TABLE 3.9 PRISM SPECTRAL RESOLUTION DUE 

TO DIFFRACTION 

From Table  3.9 and Figure  3.15 we can conclude t h a t  t h e  wid th  of t h e  

a s t i g m a t i c  image l i m i t s  t he  r e s o l u t i o n  of  t h e  SVI o p t i c a l  system and 

no t  d i f f r a c t i o n .  

A f i n a l  c o n s i d e r a t i o n  f o r  t h e  SVI o p t i c a l  

system i s  t h e  e r r o r  i ncu r red  i n  t h e  d i v i s i o n  of energy between t h e  wh i t e  

l i g h t  and s p e c t r a l  measurements due t o  a sample misalignment.  F r e s n e l ' s  

equat ions  w e r e  used i n  t h e s e  c a l c u l a t i o n s  f o r  t h e  d i v i s i o n  of energy 

a t  t h e  second p r i s m  f ace  and t h e  angle  of inc idence  w a s  v a r i e d  about  40 . 
The r e f l e c t i o n  and t ransmiss ion  of a l l  t h r e e  pr ism faces were t aken  i n t o  

account.  Figure 3.16 shows t h e  r e s u l t s  f o r  t h e  wh i t e  l i g h t  d e t e c t o r  

a t  four  Wavelengths. 

t h e  same s lopes .  

r e s u l t s  i n  a 1.2% r e f l e c t a n c e  measurement e r r o r  f o r  t h e  S V I  wh i t e  l i g h t .  

The same e r r o r  holds  f o r  t h e  S V I  s p e c t r a l  r e f l e c t a n c e  measurements. 

0 

The curves  a t  t h e  d i f f e r e n t  wavelengths have about 
0 Figure  3.16 shows t h a t  a sample misalignment of  1 2  

3.2.3.5 SVI White L igh t  Measurement 

Cons idera t ions  f o r  t h e  SVI wh i t e  l i g h t  measure- 

ments a r e  comparable t o  those  of t h e  ILS system w i t h  r e s p e c t  t o  m i s -  

al ignment causing v i g n e t t i n g  a t  t h e  f i e l d  l e n s .  A l s o ,  S e c t i o n  3.2.3.4 

conta ined  some d i scuss ion  of t h e  SVI whi te  l i g h t  measurements where they  

i n t e r f a c e d  wi th  the  s p e c t r a l  measurements. 
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3.2.4 C a l i b r a t i o n  

The demonstrat ion model p ro to type  r e f l e c t o m e t e r  

c o n t a i n s  a c a l i b r a t e  p r i s m  loca ted  i n  one of  t h e  sample  p o s i t i o n s .  

The purpose of t h e  c a l i b r a t e  p r i s m  i s  t o  be a s t anda rd  t o  which a l l  

o t h e r  samples are compared. The philosophy of  t h i s  c a l i b r a t e  p r i s m  

i s  t h a t  i t s  r e f l e c t i v i t y  w i l l  no t  change (or  change ve ry  l i t t l e )  upon 

exposure t o  the space environment. 

environment (except vacuum) would be very  low s i n c e  t h e  res t  p o s i t i o n  

of t h e  r e f l ec tomete r  a r m  would be over t h e  c a l i b r a t e  prism. Thus, t h e  

v a r i o u s  elements of t h e  o p t i c a l  system such as t h e  i n t e r f a c e s  ( r e f l e c t -  

ing  and t r a n s m i t t i n g ) ,  l i g h t  source ,  d e t e c t o r s ,  and a m p l i f i e r s  need n o t  

be cons t an t  s ince  a l l  measurements are r e fe renced  t o  t h e  c a l i b r a t e  

prism. 

Ac tua l ly ,  i t s  exposure t o  t h e  space 

The c a l i b r a t e  pr ism i s  made of fused  qua r t z  and has  

angles  of 45O, 90°, and 45O. 

f ace  i s  normal t o  t h e  i n c i d e n t  l i g h t  beam and thus  i s  r e t r o d i r e c t i v e  

i n  one dimension. It  u t i l i z e s  t o t a l  i n t e r n a l  r e f l e c t i o n  so  t h a t  a l l  

r a d i a t i o n  inc iden t  upon i t s  hypotenuse i s  " re f l ec t ed" .  Even t h e  s m a l l  

amount r e f l e c t e d  from i t s  hypotenuse i s  r e f l e c t e d  i n  t h e  proper  d i r e c -  

t i o n .  The t ransmiss ion  of t h e  fused quar tz  i s  expected t o  be q u i t e  

cons t an t  i n  t h e  space environment. Thus, t h e  " r e f l e c t i v i t y "  of  t h e  

pr ism i s  a func t ion  of t he  angle  of inc idence  and i t s  r e f r a c t i v e  index. 

I n  t h e  d i r e c t i o n  normal t o  i t s  r e t r o d i r e c t i o n a l  p r o p e r t i e s ,  t h e  pr ism 

a c t s  as a mi r ro r ,  i . e . ,  angle  of inc idence  equa l s  t h e  ang le  of  " r e f l e c -  

t ion".  To minimize l i g h t  l o s s e s ,  90 angle  has  been f a b r i c a t e d  a s  a 

"kni fe  edge". 

It i s  s i t u a t e d  so  t h a t  i t s  hypotenuse 

0 

There are only two p o s i t i o n s  on t h e  sample r i n g  where 

t h e  c a l i b r a t e  p r i sm may be  c o r r e c t l y  mounted. These are a t  t h e  r o t a t i n g  

arm's azimuth pos i t i ons  of 0 and 180'. 

when t h e  a x i s  of t h e  r o t a t i n g  a r m  i s  pa ra l l e l  t o  t h e  b i s e c t o r  between 

t h e  ILS and S V I  o p t i c a l  systems. 

systems are loca ted  a t  2' from t h e  b i s e c t o r  w i th  t h e  apex a t  t h e  sample. 

0 
These azimuth p o s i t i o n s  occur  

The o p t i c a l  axes  of t h e s e  two o p t i c a l  
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0 0 When t h e  r o t a t i n g  arm i s  a t  t h e  0 

ang le  i s  normal t o  t h e  r e t r o d i r e c t i v e  a x i s  of t h e  c a l i b r a t e  pr i sm and 

t h e  l i g h t  beam is  r e t u r n e d  t o  t h e  proper  d e t e c t o r  i n  a manner s i m i l a r  

t o  t h e  samples. When t h e  r o t a t i n g  a r m  azimuth p o s i t i o n  i s  a t  90 and 

270' t he  2' angle  i s  p a r a l l e l  t o  t h e  r e t r o d i r e c t i v e  a x i s  and t h e  l i g h t  

beam r e t u r n s  back upon i t s e l f  and w i l l  n o t  reach  t h e  d e t e c t o r .  

t ype  of  a c t i o n  causes  t h e  image of t h e  f i l amen t  (ILS) o r  v i r t u a l  image 

(SVI) t o  scan  ac ross  t h e  f i e l d  l e n s e s  as t h e  a r m  passes  a c r o s s  t h e  

c a l i b r a t e  prism. When t h e  a r m  passes ac ross  a sample t h e  image a t  t h e  

f i e l d  l e n s  i s  s t a t i o n a r y .  This  scanning a c t i o n  does n o t  p r e s e n t  any 

problem s i n c e  t h e  image a t  t h e  f i e l d  l e n s  i s  smaller than  t h e  f i e l d  

l e n s  a p e r t u r e  and t h e  r e s u l t i n g  wave from t h e  d e t e c t o r  has  a f l a t  top.  

and 180 azimuth p o s i t i o n ,  t h e  2' 

0 

This  

Because of the  low index  of fused  qua r t z  t h e  c a l i b r a t e  
0 prism i s  t o t a l l y  i n t e r n a l  r e f l e c t i n g  between 2 1.35 

Th i s  l i m i t  i s  a t  2.0 )1 and t h e  lower t h e  wavelength t h e  g r e a t e r  t h e  

angular  t o l e rance .  Tab$e 3.10 shows t h e  p l u s  and minus ang le  of  

inc idence  t o l e r a n c e  f o r  t h e  c a l i b r a t e  p r i s m  f o r  100% " r e f l e c t i o n "  f o r  

v a r i o u s  wavelengths.  

angle  of  inc idence .  

u 
2.0 

1.6 

1.2 

0.8 

0.6 

0.4 

0.35 

Angle of  
Inc idence  

1.35' 

1.65O 

1.81' 

2.21O 

2.48' 

3.15' 

3 . 5 3 O  

TABLE 3.10 ANGLE OF INCIDENCE VS WAVELENGTHS 

FOR 100% CALIBRATE PRISM "REFLECTION" 
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An a t t e m p t  was made t o  use  another  c a l i b r a t e  pr i sm 

which w a s  t i l t e d  s l i g h t l y  so  as t o  g ive  a 50% " re f l ec t ance"  f o r  C a l i -  

b r a t i o n  purposes. 

ment t o  be a r e l i a b l e  c a l i b r a t e  device.  

c a v i t y  i s  provided i n  a sample p o s i t i o n  f o r  a 0% c a l i b r a t e  p o s i t i o n .  

However, t h i s  prism w a s  much too  s e n s i t i v e  t o  a l i g n -  

F i n a l l y ,  a b l ack  c o n i c a l  

3 .2 .5  Ref lec tance  Samples 

For economy reasons ,  on ly  seven sample p o s i t i o n s  have 

been provided f o r  on t h e  demonstrat ion model r e f l e c t o m e t e r .  

samples cover  a l i t t l e  less than  90 

sample i s  mounted i n  an a d j u s t a b l e  cup. 

i n i z e d  (no overcoat)  f l a t  ( g l a s s  s u b s t r a t e )  which i s  used f o r  e v a l u a t i o n  

and comparative purposes.  

n i c k e l  s u b s t r a t e s .  Three of t h e s e  samples  have A1-Si0 coa t ings .  Two 

have Ag withUcarsi .1  ( t a r n i s h  p ro tec t ion )  ove rcoa t s  and t h e  l a s t  i s  

coa ted  wi th  unpro tec ted  s i l v e r .  The cho ice  of  sample c o a t i n g s  w a s  

a r b i t r a r y  and merely at tempted t o  p re sen t  a v a r i e t y  of c o a t i n g s  ( r e f l e c -  

tances)  t o  t h e  r e f l ec tomete r .  

These seven 
0 of r o t a t i n g  a r m  azimuth. Each 

One sample i s  an o p t i c a l  alum- 

The o t h e r  s i x  samples a l l  have e l ec t ro fo rmed  

The o p t i c a l  f l a t  sample i s  f l a t  t o  1 / 4  wave. The 

e lec t roformed n icke l  s u b s t r a t e  samples are convex w i t h  a f o c a l  l e n g t h  

vary ing  from -258 c m  t o  -360 cm. 

CW laser beam d e f l e c t i o n s  ac ross  t h e  sample f ace .  Th i s  sample power 

has  no apparent  e f f e c t  upon t h e  q u a l i t y  of  t h e  image of t h e  f i l amen t  

on t h e  f i e l d  lens  of t h e  ILS o p t i c a l  system. 

These were measured by means of 

3 . 3  Elec t ron ic s  

The e l e c t r o n i c  aspects of t h e  demonst ra t ion  model r e f l e c t o m e t e r  

c o n s i s t  of  f i v e  subsystems. These are: 

1. De tec to r / ampl i f i e r  c i r c u i t r y  

2. Power d i s t r i b u t i o n  c i r c u i t r y  

3 .  Motor c o n t r o l  e l e c t r o n i c s  

4. L ight  source  c o n t r o l  e l e c t r o n i c s  

5. Output s e l e c t o r  e l e c t r o n i c s .  

5 101-Final 3-50 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

. ,  . . . .  

Also, t h e  c o n t r o l  pane l  con ta ins  v a r i o u s  c o n t r o l s  and c o n d i t i o n  

i n d i c a t o r s .  

t h e  rest of t h e  e l e c t r o n i c  subsystems are of secondary importance t o  

t h e  e v a l u a t i o n  of  t h e  approach t o  t h e  r e f l e c t o m e t e r  demonst ra t ion  model. 

With t h e  excep t ion  of t h e  d e t e c t o r / a m p l i f i e r  e l e c t r o n i c s  

These subsystems were inc luded  as a matter of convenience f o r  t h e  main 

ins t rument  e v a l u a t i o n  and t o  allow t h e  demonst ra t ion  model r e f l e c t o m e t e r  

t o  be a s e l f  con ta ined  u n i t  (with t h e  excep t ion  of t h e  ou tpu t  d i s p l a y ) .  

3.3.1 Detec tor /Ampl i f ie r  E l e c t r o n i c s  

The d e t e c t o r  a m p l i f i e r  e l e c t r o n i c s  are shown i n  Fig. 

3.17(a). 
and w i t h  a quar t z  p r o t e c t i v e  window. 

each 4 x 4 mm and t h e  two white  l i g h t  d e t e c t o r s  are each 2 x 2 m. 

r e s i s t a n c e  b r i d g e  c i r c u i t  is employed where t h e  d e t e c t o r  is one resis- 

t ance  ( v a r i a b l e  accord ing  t o  the i n c i d e n t  l i g h t )  of t h e  br idge .  

second r e s i s t a n c e  i s  another  lead  s u l f i d e  d e t e c t o r  which does n o t  see 
any i n c i d e n t  l i g h t .  These two l e a d  s u l f i d e  d e t e c t o r s  are matched i n  

r e s i s t a n c e  as c l o s e l y  as poss ib l e  so t h e i r  r e s i s t a n c e  v s  tempera ture  

c h a r a c t e r i s t i c s  w i l l  t r a c k  toge the r .  The two d e t e c t o r s  are mounted 

back-to-back so as t o  be a t  the same ambient tempera ture .  Black paper  

s e p a r a t e s  t h e  two so t h e  rear d e t e c t o r  sees no l i g h t  through t h e  f r o n t  

d e t e c t o r .  The 2 x 2 mm d e t e c t o r s  have a nominal 850 K 0 r e s i s t a n c e  

and t h e  4 x 4 mm d e t e c t o r s  have a nominal 600 K fi r e s i s t a n c e .  

i s  provided i n  series w i t h  one l e a d  s u l f i d e  d e t e c t o r  f o r  matching 

purposes.  

t e m p e r a t u r e / r e s i s t a n c e  c h a r a c t e r i s t i c s  are ve ry  good. The metal f i l m  

r e s i s t o r s  are 500 K SI wi th  an accuracy of 1%. 

c i r c u i t  board l a y o u t  i s  shown i n  Fig. 3.17 (b). 

wi th  30 v o l t s  from a s e p a r a t e  b a t t e r y .  

s i x  d e t e c t o r s .  One b i a s e s  the fou r  s p e c t r a l  d e t e c t o r s  and t h e  o t h e r  

b i a s e s  t h e  two whi t e  l i g h t  d e t e c t o r s .  

used f o r  each d e t e c t o r  t o  amplify t h e  s i g n a l  t o  a 0 - 5 v o l t  level, 

The d e t e c t o r s  a r e  lead  s u l f i d e  mounted on a qua r t z  s u b s t r a t e  

The f o u r  s p e c t r a l  d e t e c t o r s  are 
A 

A 

A t r impo t  

The o t h e r  two r e s i s t o r e  are of t h e  m e t a l l i c  f i l m  type  whose 

The d e t e c t o r  b r i d g e  

The d e t e c t o r  is b i a s e d  

Two b a t t e r i e s  are used f o r  a l l  

A P h i l b r i c k  P55 dc a m p l i f i e r  is 
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3 . 3 . 2  Power Supply 
Two 15 volt dc power supplies are mounted in the 

instrument to provide plus and minus 15 volts. The power supplies are 

not representative of the satellite-borne instrument and their output 
simulates the power subsystems of the satellite and allows the demon- 

stration model reflectometer to be operated on single phase, 110 volt 

ac and draws a maximum of 40 watts. The dc power supplies provide 

power for the six amplifiers, the rotating arm assembly drive motor, 

the incandescent light source, and various control and indication 

circuitry. 

3 . 3 . 3  Motor Control Electronics 

The motor control electronics control the action of 

the motor which drives the rotating arm assembly. A three position 

swit’ch is located in the front panel for motor control. One switch 

position will stop the arm as soon as it is actuated. When the auto- 

matic switch position is actuated the motor will continue to operate 

and will stop and come to rest over the calibrate position to simulate 

the desired arm action for the satellite-borne instrument. This opera- 

tion is accomplished by a small magnet attached to the rotating arm 

assembly which actuates a reed switch to stop the motor at the proper 

positions. 

3 . 3 . 4  ILS Control Electronics 
The incandescent light source is operated from the 

power supply through a fixed resistance located on the rear control 
panel. Light source brightness is also adjustable by means of a 
variable resistance located on the rear control panel. The nominal 

voltage to the light source is 1.5 volts. 
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3 . 3 . 5  Output Detec tor  E l e c t r o n i c s  

S ince  s i x  d e t e c t o r s  are used i n  t h e  r e f l e c t o m e t e r ,  

s i x  output  s i g n a l s  are p resen t .  

i n  sequence manually o r  au tomat i ca l ly .  The manual sampling has  i t s  

own output  jack  and i s  c o n t r o l l e d  by t h e  s e l e c t o r  swi tch .  

may be sampled by means of t h e  s e l e c t o r  swi tch .  

p o s i t i o n s  a re :  

These ou tpu t  s i g n a l s  can  be sampled 

Any d e t e c t o r  

The s e l e c t o r  swi tch  

1. ILS whi te  l i g h t  

2. SVI whi te  l i g h t  

3 .  SVI v i o l e t / u l t r a v i o l e t  

4 .  SVI b lue / r ed  

5 .  0.6 - 1.0 

6 .  Near i n f r a r e d .  

The .automatic d e t e c t o r  sampling i s  obta ined  from a second ou tpu t  jack .  

Th i s  o p e r a t i o n  swi tches  from one d e t e c t o r  t o  another  every  360 r o t a -  

t i o n  of t h e  r e f l ec tomete r  a r m .  This  swi tch ing  i s  accomplished by a 

Ledex swi tch  ac tua ted  by a reed  swi tch  and a magnet, t h e  l a t t e r  

l o c a t e d  on t h e  r o t a t i n g  a r m  assembly. S i x  i n d i c a t o r  l i g h t s  on t h e  

c o n t r o l  pane l  i d e n t i f y  t h e  p a r t i c u l a r  d e t e c t o r  be ing  sampled. The 

i n d i c a t o r  l i g h t  numbers correspond t o  t h e  s e l e c t o r  swi t ch  numbers. 

The automatic  d e t e c t o r  swi tch ing  may be by-passed by a m i n i a t u r e  

swi tch  loca ted  on t h e  back c o n t r o l  panel. 

0 

3 . 3 . 6  Contro l  Panel  

The c o n t r o l  pane l  i s  l o c a t e d  i n  a cu t -ou t  i n  t h e  

r e f l e c t o m e t e r  s k i r t .  It accomodates t h e  110 v o l t  ac  power i n l e t  

co rd  and t h e  fuse.  It a l s o  provides  mounting f o r  t h e  h e l i o s t a t  power 

connector .  Three swi tches  are mounted on t h e  c o n t r o l  panel .  One is  

t h e  main power and provides  power t o  t h e  power s u p p l i e s  and t u r n s  on 

t h e  incandescent  l i g h t .  

and t h e  t h i r d  c o n t r o l s  t h e  r o t a t i n g  a r m  motor (automatic  and manual). 

The second swi tch  a c t u a t e s  t h e  s i x  a m p l i f i e r s  
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The d e t e c t o r  i n d i c a t o r  l i g h t s ,  manual s e l e c t o r  swi tch ,  and two ou tpu t  

j a c k s  a r e  loca t ed  on t h e  con t ro l  panel .  The c o n t r o l  panel  i s  hinged 

t o  permit  access  t o  the  i n t e r i o r  of  t h e  r e f l e c t o m e t e r .  

3.4 Test Resu l t s  

The demonstrat ion model r e f l e c t o m e t e r  has been t e s t e d  and 

t h e  r e s u l t s  are presented  i n  t h i s  s e c t i o n .  The ILS o p t i c a l  system has  

performed i n  a very s a t i s f a c t o r y  manner. The t e s t  r e s u l t s  of  t h e  

s p e c t r a l  p o r t i o n  of t he  SVI o p t i c a l  system l eave  something t o  be d e s i r e d  

mainly because of sample f l a t n e s s .  Problems of  a g e n e r a l  n a t u r e  which 

w e r e  a l s o  encountered are included.  

3.4.1 ILS Op t i ca l  System 

Very l i t t l e  d i f f i c u l t y  w a s  encountered w i t h  t h e  ILS 

o p t i c a l  system. With a l i g h t  source v o l t a g e  of 1 .5  v o l t s  an ou tpu t  

s i g n a l  of 5 v o l t s  ( a f t e r  ampl i f i ca t ion )  i s  e a s i l y  achieved w i t h  an 

a m p l i f i e r  g a i n  of only 20. The n o i s e  level i s  much less than  1% of 

f u l l  scale s i g n a l  and t h e  output  waveform showed a good c l e a n  s i g n a l .  

Also,  under l abora to ry  cond i t ions ,  d r i f t  was less than  1% of 0% 

c a l i b r a t e  f o r  one r e v o l u t i o n  of t h e  r o t a t i n g  a r m  (24 rpm). 

could t o l e r a t e  f 1 sample misalignment and t h i s  f i g u r e  could  e a s i l y  

be fi 2 wi th  a d i f f e r e n t  l i g h t  source  o r i e n t a t i o n ,  i.e., t h e  ILS 

s i g n a l  levels are s o  h igh  t h a t  t h e  l i g h t  source  can  be o r i e n t e d  t o  

g i v e  t h e  s m a l l e s t  a spec t  ra t io .  

The ILS 
0 

0 

3.4.2 SVI Op t i ca l  System 

A g r e a t  many o p e r a t i o n a l  problems were encountered 

dur ing  t h e  S V I  o p t i c a l  system t e s t i n g .  The most s e r i o u s  were d e t e c t o r  

d r i f t  (due t o  r a p i d  f l u c t u a t i o n  i n  t h e  ambient because of l o c a l  wind 

and o t h e r  thermal  f l u c t u a t i o n s )  and t h e  h igh  ambient l i g h t  level making 

i t  d i f f i c u l t  t o  make v i s u a l  o p t i c a l  a l ignments ,  Tests w e r e  made under 

t h e s e  cond i t ions  bu t  because t h e  r e s u l t s  were ques t ionab le  (as a r e s u l t  

of t h e  cond i t ions )  t h e  t e s t s  were r epea ted  i n  t h e  l a b o r a t o r y  us ing  a 

s imulated sun. This  s imulated sun w a s  a PEK X-35 Xenon s h o r t  arc and 
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a l e n s  g iv ing  a 112' angular  subtense  t o  t h e  l i g h t .  

thermocouple was used t o  measure t h e  i n c i d e n t  r a d i a t i o n  of t h e  s imula ted  

sun on t h e  r e f l ec tomete r .  The thermocouple r ead  0.82 m i l l i v o l t s  on t h e  

s imula ted  sun whereas t h e  rea l  sun gave a r ead ing  of 7.4 m i l l i v o l t s .  

Thus, t h e  s imulated sun was roughly a f a c t o r  of 10 i n  i r r a d i a n c e  less 

than  t h e  rea l  sun. 

A r a d i a t i o n  

Table 3.11 shows t h e  s i g n a l  l e v e l s  f o r  t h e  SVI o p t i c a l  

system de tec to r s .  

Detec tor  number 2 i s  t h e  whi te  l i g h t ,  number 3 i s  i n  t h e  uv-blue,  

number 4 i s  i n  t h e  green-red,  number 5 i s  i n  t h e  r ed  -1 p, and number 6 

i s  i n  t h e  1 - 1.8 p s p e c t r a l  r eg ion .  The output  s i g n a l s  f o r  t h e  s imul-  

a t e d  sun shows t h e  reduced i n c i d e n t  i r r a d i a n c e .  I n  gene ra l ,  t h e r e  

appea r s  t o  be s u f f i c i e n t  r a d i a n t  energy on t h e  SVI system d e t e c t o r s  t o  

provide a 0 - 5 v o l t  ou tput  w i th  modest a m p l i f i e r  ga in .  The excep t ion  

i s  t h e  uv d e t e c t o r  where t h e  energy i s  q u i t e  low. However, t h e  energy 

i n  t h i s  r eg ion  of t h e  spectrum i s  g r e a t l y  a t t e n u a t e d  by t h e  atmosphere 

and Pasadena smog. 

These were made on sample number 1 ( t h e  o p t i c a l  f l a t ) .  

D e  t ec t o r  Output S igna l  ( v o l t s )  Ampl i f ie r  Gain 
(approximate) 

Real Sun Simulated Sun 

--- 1.5 100 

0.75 0.1 200 

6 1.0 200 

6 1 . 3  100 

9 1.0 100 

TABLE 3.11 SVI SYSTEM DETECTOR SIGNAL LEVJZS 
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All s i g n a l s  appeared c l e a n  and n o i s e  was no problem. 

Output d r i f t  w a s  checked i n  the  l a b o r a t o r y  wi th  d e t e c t o r  number 3 

(h ighes t  ga in)  and us ing  an arm r o t a t i o n  of 24 rpm an e r r o r  i n  t h e  

r e f l e c t a n c e  measurement of 0.1% (worst  case) would r e s u l t .  Thus, d r i f t  

does not  seem t o  be a problem with r e s p e c t  t o  r e f l e c t a n c e  measurement 

accuracy. 

Alignment problems f o r  t h e  SVI o p t i c a l  system were 
0 

p r e t t y  much as they were descr ibed  i n  S e c t i o n  3 . 2 . 3 .  However, sample 

cu rva tu re  (Sec t ion  3.2.5) p re sen t s  a s e r i o u s  problem i n  t h e  case of  

t h e  four  s p e c t r a l  measurements, I f  t h e  SVI o p t i c a l  system i s  focussed  

wi th  t h e  a s t i g m a t i c  l i n e  image on t h e  d e t e c t o r s  f o r  t h e  o p t i c a l  f l a t  

then t h i s  a s t i g m a t i c  image w i l l  be l o c a t e d  i n  a d i f f e r e n t  f o c a l  p o s i t i o n  

when t h e  a r m  i s  over  t h e  samples. This  r e s u l t s  i n  ve ry  poor s p e c t r a l  

r e s o l u t i o n .  A l so ,  because of sample cu rva tu re ,  t h e  spectrum sweeps 

ac ross  t h e  d e t e c t o r s  i n  d i f f e r e n t  d i r e c t i o n s  depending upon t h e  azimuth 

p o s i t i o n  of t h e  sample.  Sample c u r v a t u r e  wi th  r e s p e c t  t o  t h e  SVI wh i t e  

l i g h t  measurement behaves t h e  same as t h e  ILS system and p r e s e n t s  no 

problem. 

3 . 4 . 3  General Problems 

The 100% c a l i b r a t e  p r i s m  i s  no t  l o c a t e d  i n  t h e  proper  

azimuth p o s i t i o n .  This  e r r o r  i n  p o s i t i o n i n g  w a s  no t  r e a l i z e d  u n t i l  it 

w a s  t oo  l a t e  t o  r e c t i f y  i t .  However, i t s  r e - p o s i t i o n i n g  i s  a r e l a t i v e l y  

s imple mat ter  and it  i s  understood t h a t  t h e r e  are only  two proper  100% 

c a l i b r a t e  azzmuth p o s i t i o n s .  

Dectector  d r i f t  does n o t  s e r i o u s l y  a f f e c t  r e f l e c t a n c e  

measurement accuracy bu t  keeping t h e  output  s i g n a l s  w i t h i n  t h e  0 - 5 

v o l t  range i s  a problem. 

beam o r  ac  coupl ing.  

This  could  be overcome wi th  chopping t h e  l i g h t  
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4. BEARING AND SEALS FOR OPERATION I N  SPACE 

A survey  w a s  made of a v a i l a b l e  d a t a  r e l a t i n g  t o  t h e  des ign ,  opera- 

t i o n ,  and r e l i a b i l i t y  of moving p a r t s  i n  space.  P a r t i c u l a r  a t t e n t i o n  

w a s  g iven  t o  informat ion  p e r t a i n i n g  t o  the  problems encountered and 

overcome i n  t h e  ope ra t ion  of s e a l s .  

To provide  a conceptua l  des ign  f o r  the  suppor t  and a c t u a t i o n  of a 

r e f l ec tomete r  a r m ,  t he  fol lowing systems f o r  mounting t h e  arm were 

i n v e s t i g a t e d :  

1. 

2. 

3 .  Bearings s u i t a b l y  l u b r i c a t e d  t o  ope ra t e  i n  a hard  vacuum 

4. P res su r i zed  bear ings  ope ra t ing  through seal  

As  a r e s u l t  of t h i s  i n v e s t i g a t i o n ,  i t  has  been p o s s i b l e  t o  a r r i v e  

P a r t i a l l y  r o t a t i n g  arm mounted on f l e x u r e s  

P a r t i a l l y  r o t a t i n g  arm sea l ed  wi th  a bel lows 

a t  a des ign  c o n f i g u r a t i o n  t h a t  o f f e r s  maximum conf idence  based on p res -  

e n t  knowledge of bear ings  and seals .  

4 .1  P a r t i a l l y  Rota t ing  Arm Mounted on Flexures  

I f  an  a r m  i s  mounted on f l e x u r e s ,  t h e r e  are no bea r ings  and 

no bear ing problems. But a flexure-mounted arm i s  l i m i t e d  i n  r o t a t i o n  

t o  approximately 60 degrees ,  depending upon the  y i e l d  p o i n t  of t he  

material  used,. 

be made t o  r o t a t e  through about 120 degrees .  Were t h i s  system t o  be 

adopted,  e i t h e r  t he  experimental  s a t e l l i t e  would have t o  be inc reased  

i n  s i z e  or t he  number of samples would have t o  be d r a s t i c a l l y  reduced. 

Also ,  t h e  d r i v e  mechanism f o r  t h e  f l e x u r e  would have bea r ings  (or seals) 

exposed t o  t h e  space environment. 

I f  a duplex f l e x u r e  mount were employed t h e  a r m  could 

4.2 P a r t i a l l y  Rota t ing  A r m  Sealed wi th  a B e l l o w s  

When a p a r t i a l l y  r o t a t i n g  arm i s  h e r m e t i c a l l y  s e a l e d  wi th  a 

m e t a l l i c  bel lows,  i t  can  r o t a t e  through only a few degrees .  I f  an 

5 10 1 - Fina 1 4-1 



e la s tomer i c  bellows made of material such as s i l i c o n e  rubber  were sub-  

s t i t u t e d  f o r  the m e t a l l i c  u n i t ,  t h e  angu la r  r o t a t i o n  could be i n -  

c reased  t o  almost a f u l l  t u rn .  Mechanical ly ,  t h i s  system would be 

s a t i s f a c t o r y  because the  bear ings  and d r i v e  would be s e a l e d  from the  

a f f e c t s  of vacuum. 

The u s e  of polymeric e las tomers  i s  f r a u g h t  w i th  problems, 

one of which i s  evapora t ion  or sub l ima t ion  i n  t h e  hard  vacuum of space 

(Ref. 1). The Knudsen-Langmuir equa t ion  f o r  t h e  evapora t ion  of 

m a t e r i a l  i n  a vacuum i s  expressed as fo l lows:  

1 - (+) - 2  
W = 5.83 x 10 

where 

B p = ( cons t an t )  e T o r  log p = A - - * T '  
B - -  

h e r e ,  

p = vapor p re s su re  of material i n  t o r r  

W = rate of l o s s  i n  g - cm s e c  

M = molecular  weight  

T = t empera ture ,  degrees  Kelvin 

A ,  B = c o n s t a n t s  f o r  each c o n s t i t u e n t  of t h e  material 

- 2  -1 

Because polymeric materials are so  complex g e n e r a l l y ,  i . e . ,  

they are long cha in  compounds which can break  down by depolymer iza t ion  

or  by h e a t  i n t o  v o l a t i l e  f ragments ,  i t  i s  d i f f i c u l t  t o  compute t h e  

l o s s e s  by the  above equat ion .  However, ou tgass ing  rates f o r  s i l i c o n e  

rubber  are l i s t e d  (Ref. 1). Material weight  l o s s  i s  shown t o  be q u i t e  

r a p i d  a t  f i r s t ,  and then  reaches  a s ta te  of uniform weight  l o s s  which 

is  assumed t o  be cons t an t  over a long per iod  of t i m e .  I f  s i l i c o n e  
-5 -2  -1 rubber wi th  t h e  lowest r a t e  of evapora t ion  (1 .6  x 10 g-cm h r  ) 

- 2  i s  used, approximately 0.15 g-cm w i l l  have evapora ted  in one yea r .  
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If the  w a l l  t h i ckness  of the  bellows were assumed t o  be 1 cm t h i c k ,  

and i f  t he  s p e c i f i c  g r a v i t y  of the material i s  assumed t o  be 1 .25  

( i t  can  va ry  from about 1 .13  - 1.45) ,  t hen  t h e  weight  l o s s  would be 

1 .25  
- x 100 = 12.4  pe rcen t .  

The outgassed molecules of s i l i c o n e  rubber  cou ld ,  p a r t i c u -  

l a r l y  dur ing  the  i n i t i a l  heavy outgass ing  pe r iod ,  condense on t h e  re- 

f l e c t i v e  samples of t h e  experiment i n  s p i t e  of such a p recau t iona ry  

measure as a l i n e - o f - s i g h t  s h u t t e r .  

Another problem as soc ia t ed  w i t h  t h e  use  of e las tomers  i n  

space i s  the  a f f e c t  of u l t r a v i o l e t  r a d i a t i o n ,  and neut ron  and g a m a  

f l u x .  Damage t o  e las tomers  by u l t r a v i o l e t  r a d i a t i o n  i s  due t o  the  

i o n i z a t i o n  and e x c i t a t i o n  of the material 's e l e c t r o n s .  The changes 

are i r r e v e r s i b l e .  Free r a d i c a l s  are formed; t he  material  undergoes 

f u r t h e r  po lymer iza t ion  and degrades by c leavage  of carbon c h a i n s ;  and 

oxygen, hydrogen, and low molecular weight  hydrocarbons are g iven  o f f .  

These phenomena a l s o  occur wi th  gamma-ray dosage (Ref.2).  

Because the  e las tomer ic  bellows would be con t inuous ly  de- 

grad ing  i n  space by both  evapora t ion  and r a d i a t i o n ,  i t  i s  f e l t  t h a t  

t h i s  system i s  n o t  a t t r a c t i v e .  

4 .3  Bearings S u i t a b l y  Lubricated t o  Operate i n  a Hard Vacuum 

It i s  p o s s i b l e  t o  ope ra t e  b a l l  bear ings  and g e a r s  success-  

f u l l y  i n  space .  Weinreb (Ref. 3) i n  h i s  d i s c u s s i o n  of t h e  s u c c e s s f u l  

o p e r a t i o n  of bear ings  and gears  i n  the  o p e r a t i o n  of t h e  T i ros  I1 mete- 

o r o l o g i c a l  s a t e l l i t e  s a i d  t h a t  t h e  rad iometer  system c o n s i s t e d  of a 

series of m i r r o r s ,  mounted on gears and e i g h t  b a l l  bea r ings ,  d r i v e n  

by a motor of low p a r e r .  

"The radiometer  opera ted  s u c c e s s f u l l y  i i G t  on ly  i n  vacuum-chamber test- 

ing  but  on the  s a t e l l i t e ,  which has  been (a t  t h e  t i m e  of w r i t i n g  of 

Ref. 3) 2360 hour s ;  no s i g n s  of d e t e r i o r a t i o n  had been observed a t  

t h a t  t i m e "  (Ref.  2 ,  p.  282). 

The s h a f t  speed of a l l  bear ings  w a s  2750 rpm. 

The bear ing  requirements  f o r  t he  radiometer  were t h e  same 

as the  requi rements  f o r  t h e  r e f l ec tomete r  arm: t h e  al ignment  of 
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o p t i c a l  e lements .  Therefore ,  t he  bea r ings  must n o t  degrade and wear 

du r ing  the  year of o r b i t a l  f l i g h t .  "Instrument  b a l l  bear ings  wi th  

convent iona l  l u b r i c a t i o n  techniques were cons idered  e s s e n t i a l ,  s i n c e  

low power d r a i n ,  long l i f e ,  and r e l i a b i l i t y  i n  space v e h i c l e s  must be 

obta ined"  (Ref. 2 ) .  

The Ti ros  I1 radiometer  bea r ings  and gea r s  were designed t o  

be l u b r i c a t e d ,  bu t  s i n c e  no s e a l i n g  w a s  p rovided ,  l u b r i c a n t  evapora- 

t i o n  w a s  kept  t o  a minimum. Since r e s i s t a n c e  t o  molecular  f low f o r  

small o r i f i c e s  can  be made r e l a t i v e l y  h i g h ,  vapor p r e s s u r e  i n  t h e  

chamber behind the  o r i f i c e s  a l s o  can be made h i g h ,  thus  reducing  t h e  

v a p o r i z a t i o n  of t he  l u b r i c a n t  i n  t h e  chamber. A s i n t e r e d  porous nylon 

bushing,  impregnated wi th  a Mil-L-6085A d i e s t e r  o i l ,  which has  a vapor 
-4 p r e s s u r e  of approximately 1 x 10 t o r r ,  s e r v e s  as t h e  l u b r i c a n t  

r e s e r v o i r .  A s  t he  p re s su re  o u t s i d e  t h e  chamber drops  below 1 x 10 

t o r r ;  molecular l u b r i c a n t  f low begins  t o  pas s  through the  s m a l l  annu- 

lar c l e a r a n c e  (0.0005-in.)  around t h e  s h a f t  (See F i g .  4 -1) .  

- 2  

By means of t h e  fo l lowing  equa t ion ,  de r ived  by Knudsen and 

o t h e r s ,  i t  i s  p o s s i b l e  t o  compute t h e  escape ra te  of t h e  o i l  molecules  

and t o  use t h i s  in format ion  f o r  des igning  a n  unsea led ,  l u b r i c a t e d  

bear ing  s y s t e m  f o r  the  r e f l ec tomete r  a r m .  

where 

Q = flow r a t e  of o i l  vapor 

R1, Rq = i n s i d e  and o u t s i d e  r a d i i  of annulus  ( F i g .  4-1) 

L = length of annulus  

p, = d e n s i t y  of o i l  vapor a t  s t anda rd  c o n d i t i o n s  

p1 = p r e s s u r e  i n  housing 

p2  = ambient p r e s s u r e  
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SINTERED NYLON 
RESERVOIRS, VACUUM 
IMPREGNATED WITH 
DIESTER BASE OIL 

L i A T I N G  SHAFT 

FIG. 4-1 RADIOMETER SPINDLE ASSEMBLY 
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I n  t h i s  d e s i g n ,  t h e  d r i v e  motor b e a r i n g s  and i t s  gear  box, 

t h e  d r i v e  pinion on the  motor s h a f t ,  t h e  d r i v e  gear  on t h e  r e f l e c t o m e t e r  

arm, and t h e  re f lec tometer  a r m  b e a r i n g s  would have t o  o p e r a t e  a t  p r e s s u r e  

p l ,  which i s  very c l o s e  t o  p 

would range from 1 x 10 t o  1 x 10 

and commutator would have t o  o p e r a t e  under t h e  s a m e  c o n d i t i o n s .  The 

T i r o s  I1 radiometer was equipped w i t h  an a c  d r i v e  motor t o  e l i m i n a t e  

brush  problems. 

would r e q u i r e  t h e  a d d i t i o n  of  a dc-to-ac i n v e r t e r ,  a n  i t e m  o f  con- 

s i d e r a b l e  mass. 

t h e  ambient p r e s s u r e ;  which, i n  t u r n ,  

t o r r .  S i m i l a r l y ,  t h e  motor brushes - 13 2 ’  -8  

To use  an ac  motor i n  t h e  s a t e l l i t e  be ing  designed 

Because t h e  open l u b r i c a t e d  b e a r i n g  s y s t e m  has  no sea ls ,  a 

c o n s i d e r a b l e  number of o i l  molecules w i l l  b e  e x p e l l e d  n e a r  t h e  r e f l e c -  

t i v i t y  samples;  and, because of t h e i r  l a r g e  number, i t  i s  s t a t i s t i c a l l y  

probable  t h a t  some of  t h e  p a r t i c l e s  could c o l l e c t  e i t h e r  on t h e  samples 

o r  t h e  re f lec tometer  a r m  window and could i n t e r f e r e  w i t h  t h e  experiments.  

4 . 4  Pressur ized  Bearings Operat ing Through a S e a l  

I f  a s e a l e d  system were used on t h e  proposed r e f l e c t o m e t e r  

bear ings  and d r i v e ,  t h e  assembly would t a k e  t h e  form of  t h e  u n i t  shown 

i n  Fig.  4-2. I n  t h i s  des ign  a s e a l e d  s h e l l ,  p r e s s u r i z e d  by r e s i d u a l  

t e r r e s t r i a l  atmosphere, c o n t a i n s  t h e  d r i v e  and b e a r i n g  system. Without 

going i n t o  t h e  s e a l  problem f o r  t h e  moment, t h e  u n i t  i s  a t r i e d  and t r u e  

convent iona l  instrument - type  mounting t h a t  has  func t ioned  s u c c e s s  f u  1 l y  

i n  many te r res t r ia l  u n i t s .  

e l i m i n a t e  p l a y  and t o  keep t h e  r e f l e c t o m e t e r  a r m  r o t a t i n g  i n  a t r u e  

p lane .  Bearings and g e a r s  are  p r e l u b r i c a t e d  w i t h  g r e a s e  s o  t h a t  no 

f u r t h e r  source  of l u b r i c a n t  i s  n2eded. 

The b e a r i n g s  a re  pre loaded  w i t h  a s p r i n g  t o  

A t  t he  beginning of t h e  o r b i t a l  f l i g h t ,  t h e  s e a l e d  d r i v e  s h e l l  

w i l l  be  a t  approximately 760 t o r r .  A s  t h e  f l i g h t  p r o g r e s s e s ,  some leak-  

ing  w i l l  occur through t h e  s e a l ;  and,  u n t i l  t h e  end of t h e  experiment ,  

t h e  p r e s s u r e  i n  t h e  d r i v e  box should always b e  above ambient.  Thus, 

i t  i s  necessary t o  provide a l u b r i c a n t  t h a t  w i l l  b e  e f f e c t i v e  even i n  

a hard  vacuum. The i n t e n t  is  t o  u s e  methyl -phenyl -s i l icone  o i l  w i t h  
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dye th i ckene r .  This  l u b r i c a n t  has been e x t e n s i v e l y  t e s t e d  a t  p r e s s u r e s  

ranging  from 6 x lom8 t o  9 x 10 

225 degrees  Fahrenheit  on b a l l  bea r ings  t h a t  have run  f o r  over 13,000 

hours (Ref.  4 ) .  "Furthermore, l i q u i d  l u b r i c a n t s  which have h i g h  v i s -  

c o s i t y  coupled wi th  low vapor p r e s s u r e s  can provide  adequate  l u b r i c a t i o n  

f o r  mechanical gear  and bea r ing  systems f o r  u s e  i n  space  environment 

when completely s e a l e d "  (Ref. 5) . 

-9 and tempera tures  va ry ing  from 160 t o  

The s e a l  i s  a s t anda rd  me ta l  be l lows- type  u n i t  as shown i n  

The s e a l i n g  s u r f a c e  of t h e  s e a l i n g  dev ice  would be coa ted  F ig .  4-3.  

wi th  molybdenum d i s u l f i d e  (MoS ) i n  a sodium s i l i c a t e  b inde r .  The 

mating r i n g  a g a i n s t  which t h e  MoS -coa ted  s u r f a c e  would rub  would be 2 
made of a s i n t e r e d  mixture  of 80 pe rcen t  s i l v e r  and 20 p e r c e n t  MoS2 

(Ref. 6 ) .  

2 

Heindl and Belanger,  of Space Technology L a b o r a t o r i e s ,  have 

performed a s e r i e s  of t es t s  t o  e v a l u a t e  MoS 

environment a p p l i c a t i o n s .  During t h e s e  t e s t s  s h a f t s  were o s c i l l a t e d  

i n  t h e i r  r e s p e c t i v e  bea r ings  s i x  t i m e s  p e r  minute f o r  a t o t a l  o f  more 

than  360,000 times i n  a vacuum of 1 x t o r r  a t  80 degrees  Fahrenhe i t .  

The s h a f t s  opera ted  under a 15 p s i  r a d i a l  load  and were g iven  a lengthy  

run - in  under ambient c o n d i t i o n s  t o  a s s u r e  proper mating. The r e s u l t s  

showed no s e i z u r e  and a low f r i c t i o n  c o e f f i c i e n t  throughout t h e  l i f e  

of t h e  t e s t s .  

s l e e v e  b e a r i n g s  f o r  space  2 

Even though t h e s e  t e s t s  were conducted on a s l e e v e  b e a r i n g ,  

t h e  rubbing a c t i o n  i s  almost i d e n t i c a l  w i t h  t h e  s l i d i n g  a c t i o n  of a 

s e a l i n g  s u r f a c e  over i t s  mating s u r f a c e .  Moreover, i n  t h e  l a t t e r  c a s e ,  

some of t h e  molecules i n s i d e  t h e  s e a l e d  chamber would work t h e i r  way 

ou t  between the  s e a l i n g  s u r f a c e s .  Some of t h e s e  molecules would un- 

doubtedly c o n s t i t u t e  l u b r i c a n t  vapors and would h e l p  t o  reduce  t h e  

f r i c t i o n  f u r t h e r .  To prevent  p o s s i b l e  condensa t ion  of t h e  o r g a n i c  

molecules on the t e s t  specimens o r  r e f l e c t o m e t e r  window; a s h u t t e r ,  

mounted on t h e  r o t a t i n g  s h a f t  c a p s u l e ,  would b lock  t h e  l i n e  of s i g h t  

of any outgassed molecule. Before committing t h e  p r o j e c t e d  sea l  t o  
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hardware,  i t  would b e  a d v i s a b l e ,  a s  a f u r t h e r  check ,  t o  r u n  a n  eva lu-  

a t i o n  t e s t  of t h e  chosen materials under s imula ted  c o n d i t i o n s .  

4.5 Conclusions 

O f  t h e  fou r  systems proposed fo r  mounting t h e  r e f l e c t o m e t e r  

a r m ,  t h e  sea led  b a l l - b e a r i n g  system seems t o  b e  t h e  most f e a s i b l e .  The 

s e a l e d  system should b e  a t  l e a s t  a s  r e l i a b l e  as t h e  unsea led  system 

and i t  has the  added advantage of  fewer contaminants  be ing  evaporated 

i n t o  a d j a c e n t  a r e a s  w i t h i n  t h e  s a t e l l i t e .  The p e n a l t y  of  t h e  added 

f r i c t i o n  a t  t h e  s e a l i n g  s u r f a c e s  i s  a low p r i c e  t o  pay f o r  t h e  reduc- 

t i o n  i n  contaminants t h a t  would b e  genera ted  by a n  open b a l l - b e a r i n g  

system. 

Flexure-mounted and be l lows-sea led  p a r t i a l l y  r o t a t i n g  systems 

do no t  seem t o  possess  t h e  advantages of e i t h e r  a s e a l e d  o r  open b a l l -  

bear ing  cont inuously r o t a t i n g  system. 
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5 ,  VALVING FOR ATTITUDE CONTROL 

During the reporting period work was accomplished on the 
problem of valving for attitude control for the surface sample test 

satellite. This consisted of an analysis of the permissible valve 

leak rates, a study of the available components (some of which were used 

on the OSO), and a conceptual approach for the gas attitude control 

system. These are discussed in the following subsections. 

5.1 Permissible Leak Rates 

The feasibility of the gas control system depends on 

the ability of the nozzle control valves to hold the gas without exces- 

sive leakage. What is considered excessive depends on how much extra 

gas one is willing to allow in view of weight and bulk restrictions. 

It wqs shown in the Contract NAS 1-2880 Final Report that the gas 
pressure must be reduced to about 30 psi in order to obtain a manageable 

impulse when the nozzles are pulsed. The valves will therefore always 

work at a constant pressure and the leak rate will be independent of the 

amount of gas in the reservoir. 
The control functions require about 250 g of N for 2 

one year of operation. Allowing 10% for leakage, the leak rate is 
established at 25 g/yr. This is 8 . 3  x g/sec or - 6 x std 

cc/sec. Two valves will be needed, one for attitude control and one 

for spin up, s,o the permissible leak rate will be 3 x 10 
for each valve. 

-4  std cc/sec 

The gas will be stored in the main reservoir at an 

initial pressure of 3000 psi and will be fed to an auxiliary reservoir 

at a constant 30 psi through a regulator. The permissible leak rate 

through the regulator will depend on the volume of the low pressure 
(LP) reservoir and the longest expected interval between control impulses. ’ 

Let P = Desired pressure in the LP reservoir 
0 

P = Actual pressure 

t = Time between control impulses - seconds 
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m = Mass of N corresponding to P - grams 
f = Leak rate - g/sec. 
0 2 0 

Assume that f is independent of pressure so that in a time t the mass 

leak is f x t. Then the rise in pressure will be given by 

m 4- ft 
0 - P - -  
m 

0 0 
P 

from which 

O P  m 
f = -  \p - 1) 

t o  

Take’the volume of the LP reservoir as 100 cc, then m = 0.28 g. The 
5 longest expected time between control pulses will be - 10 sec (about 

1 day) and if we allow a 20% rise in pressure, P/Po = 1.2. Therefore, 

f = 0.28 x 0.2 x = 5 .6  x g/sec or 4 x std cc/sec. This 

compares to the 3 x 10 
assumed 10% leakage. 

0 

-4 std cc/sec leak rate for each valve for the 

5.2 Available Components 

There are two firms in the Los Angeles area who make 

valves and regulators meeting the leak rate specifications. One of 
these firms, Futurecraft Inc., furnished the valves and regulators for 

the OS0 satellites, The permissible leak rate for the nozzle valves 
was 2.8 x 10 std cc/sec and, according to Ball Bros. Inc. who built 

the OSO, many valves were much better than that. The rated life of 

these valves is greater than 10 operations, whereas, we require only 

an estimated 12,000 to 15,000. The leak rate of the Futurecraft 

regulators is variable, diminishing as the downstream pressure increases. 

-4 

5 

The OS0 regulators were connected to 10 cc low pressure 

reservoirs to which they delivered gas from the 3000 psi main storage. 
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The leakage  inc reased  the  low pressure  10% i n  1 hour ,  bu t  on ly  20% 

i n  100 hours ,  which corresponds t o  an average r a t e  much less than t h e  

20% pe r  day f o r  a 100 cc low p res su re  r e s e r v o i r  assumed i n  t h e  NAS 

1-2880 F i n a l  Report .  

The o t h e r  firm, S t e r e r  Engineer ing  and Mfg. Co., 

supp l i ed  t h e  va lves  and r e g u l a t o r s  f o r  Mariners  B and C as we l l  as f o r  

t h e  Ranger and OS0 v e h i c l e s .  The l eak  r a t e  f o r  t h e  nozz le  c o n t r o l  

valves i s  1.4 x 10 , and f o r  the r e g u l a t o r ,  5 .6  x 10 s t d  cc / sec .  

The l a t t e r  f i g u r e  i s  t o o  h igh  by about 40%, b u t  could  probably be 

reduced e i t h e r  by s e l e c t i o n  o r  by f u r t h e r  des ign  re f inements .  A 

s impler  s o l u t i o n  would be t o  inc rease  t h e  low p r e s s u r e  volume from 100 

t o  140 cc ,  which would inc rease  t h e  dimensions of t h e  r e s e r v o i r  on ly  12%. 

The nozz le  c o n t r o l  va lve  opens i n  12 m s ,  c l o s e s  i n  5 m s ,  and has  a r a t e d  

l i f e L o f  10  ope ra t ions .  

-4 - 4  

6 

5 . 3  Conceptual System 

A conceptua l  ske t ch  of t h e  gas system i s  shown i n  

F ig .  5-1. A t t i t u d e  c o n t r o l  s i g n a l s  are gene ra t ed  by t h e  sun sensor  

whenever the  s u n ' s  d i r e c t i o n  dev ia t e s  from t h e  s e n s o r  a x i s  by some 

p r e s c r i b e d  amount, as explained i n  t h e  NAS 1-2880 F i n a l  Report ,  S e c t i o n  

4.3.4.  The s i g n a l  i s  ampl i f ied  and shaped t o  produce a 0 . 1  sec p u l s e  

which d r i v e s  t h e  va lve  so lenoid .  Only one a t t i t u d e  c o n t r o l  nozz le  i s  

shown because,  as expla ined  i n  t h e  NAS 1-2880 F i n a l  Report ,  Sec. 4.3.8,  

t h e r e  i s  no p r a c t i c a l  v i r t u e  i n  balanced to rqu ing  f o r  t h i s  a p p l i c a t i o n .  

A lockout  s i g n a l  fed  i n t o  t h e  a m p l i f i e r  from t h e  c e n t r i f u g a l  swi tch  

p reven t s  s imultaneous ope ra t ion  of t h e  a t t i t u d e  and s p i n  c o n t r o l  nozz le s .  

Spin r a t e  i s  c o n t r o l l e d  by the  c e n t r i f u g a l  swi tch ,  

which w i l l  c l o s e  when u) ( sp in  r a t e )  drops t o  some p r e s e t  l i m i t .  The 

s p i n  c o n t r o l  va lve  w i l l  then  remain open u n t i l  t h e  swi tch  c o n t a c t s  

s e p a r a t e .  There i s  only  one sp in  nozz le  f o r  t h e  s a m e  reason  t h a t  t h e r e  

i s  only one a t t i t u d e  nozz le .  However, a l though t h e  a t t i t u d e  nozz le  can 

be loca ted  anywhere so long  as it i s  po in ted  along w, t h e  s p i n  nozz le  
- 
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must l i e  i n  a t r a n s v e r s e  p lane  through t h e  c e n t e r  of  mass. I f  i t  i s  

not thus  l o c a t e d  i t  w i l l  cause a to rque  v e c t o r  normal t o  u; and t h e  s p i n  

c o n t r o l  o p e r a t i o n  w i l l  r e s u l t  a l s o  i n  a n  unwanted p r e c e s s i o n .  

- 
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6 .  PRELIMINARY RELIABILITY ANALYSIS OF SOLAR COLLECTOR TEST SATELLITE 

This  r e p o r t  c o n t a i n s  t h e  resul ts  of a p re l imina ry  r e l i a b i l i t y  ana l -  

y s i s  of t h e  Solar  Co l l ec to r  Test Sa t e l l i t e  (SCTS) desc r ibed  i n  EOS F i n a l  

Report 4100 on c o n t r a c t  NAS1-2880. Since t h e  s u b j e c t  equipment i s  s t i l l  

a t  the  breadboard s t a g e  of des ign ,  t h e  r e l i a b i l i t y  a n a l y s i s  performed a t  

t h i s  t i m e  has been r e s t r i c t e d  t o  a concept  and f e a s i b i l i t y  review.  

A more s o p h i s t i c a t e d  r e l i a b i l i t y  a n a l y s i s ,  involv ing  de te rmina t ion  

of e l e c t r i c a l  and thermal  s t r e s s  l e v e l s  f o r  each i n d i v i d u a l  p a r t ,  p r e -  

c i s e  f a i l u r e  ra tes  f o r  each p a r t ,  f a i l u r e  modes and e f f e c t s  a t  t h e  

c i r c u i t  segment l e v e l ,  e t c .  , should be  performed a t  a l a t e r  s t a g e  i n  

the  o v e r a l l  program e f f o r t .  

‘The r a t i o n a l e  used i n  t h i s  r e l i a b i l i t y  a n a l y s i s  i s  i n d i c a t e d  by a 

d e s c r i p t i o n  of t h e  c o n t e n t s  of subsequent subsec t ions :  

Sec t ion  6 .1  

I d e n t i f y  each b u i l d i n g  block , and element thereof  , 
i n  t h e  SCTS. Assess same i n  terms of f a i l u r e  ra te  

per  m i l l i o n  hours .  

Sec t ion  6.2 

I d e n t i f y  the  predominant f a i l u r e  modes f o r  t h e  i tems 

descr ibed  i n  Sec t ion  6.1. Designate  whether and t o  

what e x t e n t  each f a i l u r e  mode i s  c r i t i c a l  i n  terms 

of experiment f a i l u r e .  

Sec t ion  6 . 3  

By examining S e c t i o n s 6 . 1  and 6.2 c o n j u n c t i v e l y ,  i s o l a t e  

t h e  SCTS elements which: 

b i l i t y  of f a i l u r e ;  (2)  a r e  most c r i t i c a l  t o  t h e  success  

of t h e  experiment. Examine each of t h e s e  p o t e n t i a l  

t r o u b l e  spots  i n  terms of p o s s i b l e  compensating pro-  

v i s i o n s  t h a t  would improve t h e  o v e r a l l  SCTS r e l i a b i l i t y .  

(1)  have t h e  h ighes t  proba- 
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Sect ion 6.4 

Compute t h e  SCTS's t h e o r e t i c a l  mean-t ime-to-fai lure  

(MTTF). 

Sect ion 6.5 

Suggest a t e s t  p l a n  f o r  v e r i f y i n g  t h e  t h e o r e t i c a l  

p r e d i c t i o n  of Sec t ion  6.4. 

Sect ion 6.6 

Summarize t h e  conclus ions  and recommendations which 

have evolved from t h e  r e l i a b i l i t y  a n a l y s i s .  

6.1 Gross P a r t s  Count and F a i l u r e  Rate  Assessment 

The fo l lowing  i s  a t a b u l a t i o n  of t h e  e s t i m a t e d  f a i l u r e  ra tes  

f o r  t h e  var ious  elements  and b u i l d i n g  b locks  comprising t h e  Solar  Col- 

l e c t o r  T e s t  S a t e l l i t e :  

6.1.1 O r i e n t a t i o n  Subsystem 

Component 

Solar  O r i e n t a t  ion Detector  

Detector  Amplif i e r  

Tr igger  Former 

Pulse  Generator  

Solenoid Driver  

A t t i t u d e  Jet Solenoid 

Spin Control  Solenoid 

C e n t r i f u g a l  Switch 

Reservoi rs  ( 2 )  

F i l t e r  

Nozzles ( 2 )  

Regu 1 a t  o r  

5101-Final 6-2 

F a i l u r e s  p e r  m i l l i o n  hours  

1 .o 
3 .o 
1 .o 
2 .o 
1 .o 

15 .O 

15 .O 

20.0 

1.0 ( each )  

2 .o 
1.0 ( each )  

5 .O 



6.1.2 Power Subsystem 

Component 

Solar  Panel 

Clamp 

Constant Current Charger 

Ba t t e ry  

28V Regulator 

13V Regulator 

F a i l u r e s  per m i l l i o n  hours 

1 .o 
0.5 

3 .O 
30.0 

2 .o 
1 .o 

6.1.3 Environmental Measurement Ins t rumen ta t ion  

Component F a i l u r e s  pe r  m i l l i o n  hours 

H.  V. Power Supply 20.0 

30 .O Stepping Motor 

G .  M. Tubes (3) 70.0 (each)  

S c i n t i l l a t i o n  Counter 30.0 
Cadmium Su l f ide  C r y s t a l  (w i th  

Dosimeter 15 .O 
broom magnet) 20.0 

6.1.4 Reflectometer Subsystem 

Component F a i l u r e s  per m i l l i o n  hours 

Tungsten Lamp 5 . O  

Detec t ion  Element ( 6 )  3.0 (each)  

Detec tor  Bridge (6)  1.0 (each) 

Detec tor  Ampl i f ie rs  (6 )  4.0 (each) 

Power Supply 10.0 

Rotary Switch 10 .o 
30.0 Drive Motor 

Bearings 5 .O 
5 .O Opt ica l  System 

( m i r r o r s ,  c o l l i m a t i n g  l e n s e s ,  
beam s p l i t t e r s ,  s p h e r i c a l  convex 
r e f l e c t o r ,  prism, c a l i b r a t e  e lements )  
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NOTE: Fa 

6.1.5 Thermal Measurement Ins t rumen ta t ion  

Component F a i l u r e s  per  m i l l i o n  hours  

Temperature Sensors  (30) 1.5 (each)  
( inc lud ing  vo l t age  d i v i d e r )  

6.1.6 Te leme t ry  Subsystem 

Component F a i l u r e s  p e r  m i l l i o n  hours  

Command Recept ion,  Com- 40.0 
mand Decoding, and 
Power Programming Elements 

30 .O 

8 .O 

15 .O 

25 .O 

50.0 

2 .o 
5 .O 

Mult iplexing Elements 

Signal  Amplif ier  

A- D Converter 

Sync, Timing, Mixing, and 

FM Transmi t te r  

Bandpass F i l t e r  

Antenna 

Gating Elements 

l u r e  Rates  ass igned  t o  t h e  above c i r c u i t  e lements  h re be n 

der ived  as fo l lows:  

1. E lec t ron ic  p a r t  f a i l u r e  r a t e s  a r e  as s p e c i f i e d  i n  t h e  EUDC 

R e l i a b i l i t y  Notebook. 

2 .  Electromechanical and non-e l ec t ron ic  p a r t  f a i l u r e  ra tes  are 

based upon FARADA f i g u r e s .  

For those o p t i c a l  elements f o r  which no f a i l u r e  r a t e  d a t a  

a r e  c u r r e n t l y  a v a i l a b l e ,  EOS exper ience  e s t i m a t e s  have been 

used. 

A l l  e l e c t r o n i c  p a r t s  a r e  presumed t o  be  moderately s t r e s s e d  

( <50%) and used i n  an o r b i t a l  environment .  

3 .  

4 .  

1 
8 
1 
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6.2 F a i l u r e  Modes and E f f e c t s  

. 6.2.1 Or i en ta t ion  Subsystem 

Predominant F a i l u r e  
Modes 

1. 

2 .  

3.  

A t t i t u d e  Control 
Valve does no t  
a c t i v a t e  proper ly .  

Spin Control Valve 
does no t  a c t i v a t e  
proper ly  . 
Centr i fuga l  Switch 
does no t  f unc t ion .  

6.2.2 Power Subsystem 

Predominant Fa il u r  e 
Modes 

1. Ba t t e ry  c e l l s  f a i l .  

F a i l u r e  
E f f e c t s  

S a t e l l i t e  may not  be o r i e n t e d  
t o  sun.  

S a t e l l i t e  sp inn ing  cannot  be  
s topped.  

No maximum and minimum s p i n  
1 i m i t a t i o n .  

F a i l u r e  
E f f e c t s  

I n s u f f i c i e n t  power f o r  experiment .  

2 .  Ba t t e ry  charger  f a i l s .  I n s u f f i c i e n t  power f o r  experiment .  

3.  Solar panel s h o r t s  Bat te ry  cannot  b e  charged,  

4 .  Voltage r e g u l a t o r s  Regulated v o l t a g e s  n o t  a v a i l -  

ou t .  

f a i l .  a b l e  f o r  Command Channel and 
Instrument Subsystem. 

6.2.3 Environment Measurement Ins t rumen ta t ion  

Predominant F a i l u r e  F a i l u r e  
Modes E f f e c t s  

1. G-M tubes f a i l .  Some r a d i a t i o n  measurements 
not  p o s s i b l e .  

no t  p o s s i b l e .  
2 .  CdS Crys ta l  f a i l s .  Some r a d i a t i o n  measurements 

3 .  Sampling mechanism Cannot sample t h e  i n d i v i d u a l  

4 .  Power supply f a i l s .  Cannot sample t h e  i n d i v i d u a l  

f a i l s .  environment d e t e c t  or s . 
environment d e t e c t o r s  . 
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6.2.4 Reflectometer  Subsystem 

Predominant F a i l u r e  F a i l u r e  
Modes E f f e c t s  

1, Tungsten lamp f a i l s .  No a r t i f i c i a l  l i g h t  source .  

2 .  Reflectometer  d r i v e  Specimens cannot  be  sampled. 

3 .  Detector  f a i l s .  A p o r t i o n  of t h e  spectrum o r  

4 .  Power supply f a i l s .  Specimens cannot  b e  sampled. 

5.  Reflectometer  s t r u c -  Er ra t ic  o r  no d a t a  r e s u l t s .  

motor f a i l s .  

w h i t e  l i g h t  cannot b e  e v a l u a t e d .  

t u r a l  f a i l u r e .  

6.2.5 Thermal Measurement I n s t r u m e n t a t i o n  

Predominant F a i l u r e  
Modes 

Temperature sensor  f a i l s .  

6.2.6 Telemetry Subsystem 

Predominant F a i l u r e  
Modes 

1. Clock o s c i l l a t o r  
f a i l s .  

2 .  Signal  a m p l i f i e r  
f a i l s .  

3 .  Telemetry t r a n s -  
mi t te r  f a i l s .  

4 .  Command r e c e i v e r  and 
decoder f a i l .  

5 .  Power programming 
f a i l s .  

F a i l u r e  
E f f e c t s  

The temperature  of a n  i n -  
d i v i d u a l  specimen cannot  
b e  measured. 

F a i l u r e  
E f f e c t s  

A l l  t iming  ceases i n  sub- 
system and no d a t a  i s  
t r a n s m i t  t ed . 
Low l e v e l  d a t a  i s  n o t  
te lemetered .  

Data i s  n o t  te lemetered  o r  
i f  f a i l u r e  i s  n o t  c a t a s t r o p h i c ,  
t r a n s m i s s i o n  i s  a t  a reduced 
level o r  d i f f e r e n t  f requency.  

Ground c o n t r o l  of o p e r a t i n g  
mode i s  l o s t .  

Transmission of d a t a  and/or  
c o l l e c t i o n  of d a t a  by i n s t r u -  
ments i s  no longer  p o s s i b l e .  
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6.3 R e l i a b i l i t y  Optimization 

Sec t ion  6.1 has defined t h e  items which have t h e  h ighes t  

p r o b a b i l i t y  of f a i l u r e ;  and Sect ion 6 . 2 , t h e  e f f e c t s  of such f a i l u r e s .  

With t h i s  in format ion ,  i t  i s  poss ib le  t o  i d e n t i f y  the  p o t e n t i a l  t r o u b l e  

s p o t s  i n  t h e  SCTS and t o  recommend compensating p rov i s ions .  

6.3.1 O r i e n t a t i o n  Subsystem 

If t h e  Or i en ta t ion  Subsystem f a i l s  and t h e  s a t e l l i t e  

cannot be o r i e n t e d  t o  t h e  sun ,  t h e  experiment s t i l l  can be performed 

by us ing  t h e  a r t i f i c i a l  l i g h t  source ( tungs t en  lamp). 

and a l s o  because of t h e  r e l a t i v e l y  low f a i l u r e  ra tes  of t he  elements  

w i t h i n  t h i s  subsystem, no redundancy need be cons idered  he re .  It i s  

sugges ted ,  however, t h a t  t he  c y c l e - l i f e  c a p a b i l i t i e s  of t he  two so lenoid-  

a c t i v a t e d  va lves  and t h e  c e n t r i f u g a l  swi tch  be s u b s t a n t i a t e d  f o r  t h i s  

SCTS a p p l i c a t i o n .  This  information can be based on: (1) vendor d a t a ;  

or (2) t e s t i n g .  

For t h i s  r e a s o n ,  

6.3.2 Power Subsystem 

A l l  elements  w i th in  t h i s  block are c r i t i c a l  t o  miss ion  

success. A l l  e l e c t r o n i c  p iece  p a r t s  i n  t h i s  subsystem should be  HI-REL 

types .  A redundant s t r i n g  of s o l a r  c e l l s ,  p rovid ing  a t  l e a s t  a t r i c k l e  

charge f o r  t h e  b a t t e r y ,  should  be  inc luded  i n  c a s e  t h e  master s o l a r  

panel  f a i l s .  

The most important hardware a d d i t i o n  should be a re- 

dundant b a t t e r y  (5.5 pounds) which sha res  t h e  work load.  E i t h e r  b a t -  

t e r y  s t and ing  alone should be capable  of provid ing  t h e  necessary  power 

f o r  t he  experiment .  

A s  a modi f ica t ion  t o  t h e  p re sen t  d e s i g n ,  i t  i s  sug- 

ges ted  t h a t  t h e  output  of the  s o l a r  pane l  b e  provided w i t h  an addi -  

t i o n a l  p a r a l l e l  r o u t i n g  d i r e c t l y  t o  t h e  vo l t age  r e g u l a t o r s .  This  w i l l  

allow t h e  s o l a r  pane l s  t o  feed t h e  v o l t a g e  r e g u l a t o r s  ( f o r  a l i m i t e d  

per iod  of t i m e )  i n  case  of a b a t t e r y  f a i l u r e .  
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6.3.3 Environment Measurement Ins t rumenta t  ion  

This  block i s  s imi la r  t o  t h e  O r i e n t a t i o n  Subsystem i n  

t h a t  a f a i l u r e  w i t h i n  i t  w i l l  n o t  r u i n  t h e  experiment .  I t s  f u n c t i o n  

i s  t o  provide  informat ion  concerning t h e  space environment.  Each of 

t he  d e t e c t i o n  devices  i s  p a r a l l e l e d ;  t h i s  w i l l  a l l ow i n d i v i d u a l  f a i l u r e s  

t o  occur without  blacking-out  t h e  whole subsystem. Emphasis should ,  

t h e r e f o r e ,  be p laced  on a s su r ing  t h e  r e l i a b i l i t y  of t h e  r o t a r y  s e l e c t o r ,  

i t s  d r i v e  motor, and t h e  a s s o c i a t e d  power supply.  No redundancy should 

be  necessary  i n  t h i s  subsystem. 

6.3.4 Reflectometer  Subsystem 

This  subsystem con ta ins  t h e  i n s t r u m e n t a t i o n  t o  b e  used 

f o r  measuring specimen r e f l e c t i v i t y .  It i s ,  t h e r e f o r e ,  c r i t i c a l  t o  

mission success .  A s  p rev ious ly  mentioned , t h e  tungs t en  lamp provides  

redundancy i n  case  of a f a i l u r e  t o  t h e  s o l a r  image o p t i c a l  system (and 

v i ce -ve r sa ) .  

and a m p l i f i e r .  T h u s ,  i n d i v i d u a l  d e t e c t i o n  system f a i l u r e s  w i l l  n o t  

r u i n  t h e  complete experiment .  

Each of t h e  s i x  r e f l e c t i v i t y  d e t e c t o r s  has  i t s  own b r i d g e  

The most s e n s i t i v e  p o r t i o n  of t h i s  subsystem i s  t h e  

r e f l e c t o m e t e r  r o t a t i n g  arm and i t s  a s s o c i a t e d  d r i v e  assembly. It i s  

suggested t h a t  a redundant motor be  coupled t o  t h e  d r i v e  motor s h a f t .  

The r o t o r  of t h i s  second motor would r i d e  a long  u n t i l  such t i m e  as t h e  

f i r s t  motor f a i l s .  I f  t h i s  occurred ,  swi tch ing  c i r c u i t r y  would then  

a c t i v a t e  the  second motor t o  provide  t h e  necessa ry  to rque .  

A l l  e l e c t r o n i c  p i e c e  p a r t s  i n  t h i s  subsystem should 

be H I - R E L  types .  A l l  purchased assembl ies  should be  r i g o r o u s l y  t e s t e d  

f o r  the  intended a p p l i c a t i o n .  

6.3.5 Thermal Measurement Ins t rumen ta t ion  

The sensors  proposed f o r  t h i s  subsystem are i n h e r e n t l y  

r e l i a b l e  because of t h e i r  s i m p l i c i t y .  Likewise,  t h e s e  i t e m s  are con- 

nec ted  i n  p a r a l l e l ,  which means t h a t  f a i l u r e  of an i n d i v i d u a l  s enso r  

w i l l  prevent  thermal measurements only on t h e  specimen t o  which i t  i s  

a f f i x e d .  No redundancy i s  necessary  i n  t h i s  subsystem. 
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6.3.6 Telemetry Subsystem 

Because t h i s  subsystem i s  t h e  f i n a l  l i n k  i n  t h c  c h a i n  

of SCTS subsystems, and because a l l  information p a s s e s  through i t ,  a 

f a i l u r e  i n  almost any of t h e  p r i n c i p a l  modes mentioned i n  Sec t ion  6 .2 .6  

w i l l  r e s u l t  i n  a mission f a i l u r e .  Even t h e  S igna l  Ampl i f ie r  i s  c r i t i c a l  

s i n c e  t h e  r e f l e c t o m e t e r  ou tputs  p a s s  through i t .  

It i s  recommended t h a t  t h e  fo l lowing  d e s i g n  concepts  

be employed i n  t h i s  subsystem. 

1. HI-REL component types should be  employed throughout .  

2 .  The c o n f i g u r a t i o n  f o r  t h e  Clock O s c i l l a t o r  should i n c o r p o r a t e  

two cross-coupled s o l i d - s t a t e  m u l t i v i b r a t o r s  , each employing 

i n t e r n a l  redundancy. 

3 .  Hi-level  d a t a  should no t  be  a t t e n u a t e d  and r o u t e d  through 

t h e  S igna l  Amplif ier ,  bu t  r a t h e r  should be f e d  d i r e c t l y  i n t o  

t h e  Analog-to-Digital  Converter i n  p a r a l l e l  w i t h  t h e  S igna l  

Amplif ier  o u t p u t .  

4 .  The t r a n s m i t t e d  d a t a  format should be  such t h a t  t h e  most 

s i g n i f i c a n t  b i t  (MSB) of each word i s  t r a n s m i t t e d  f i r s t ,  so 

t h a t  f a i l u r e s  i n  t h e  A / D  Converter and P a r a l l e l - t o - S e r i a l  

Converter w i l l  n o t  n e c e s s a r i l y  d e s t r o y  d a t a  t ransmiss ion  

c a p a b i l i t y .  

5 .  The t e l e m e t r y  Transmit ter  should be  completely s o l i d  s t a t e  

w i t h  p r o t e c t i o n  a g a i n s t  power t r a n s i e n t s  in t roduced  by t h e  

power programming c i r c u i t r y .  

6 .  The Command Decoder/Receiver combination used i n  t h i s  sub- 

system should have a s u b s t a n t i a l  h i s t o r y  of f a i l u r e - f r e e  

f i e l d  o p e r a t i o n .  
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6.4 MTTF Computation 

The mean-time-to-failure f o r  t h e  SCTS has been computed u s i n g  

t h e  fo l lowing  assumptions: 

1. The c e n t r a l  c o r e  of  t h e  experiment can be r e f l e c t e d  i n  a 

block diagram such as t h a t  shown i n  F i g .  6-1. 

_I I 

Command Power Ref l e c  t ome t e r  Te  1 e me  t r y  
s/ s S I  s S I  s S I  s 7 

FIG.  6-1 EXPERIMENT MAJOR SUBSYSTEMS 

i . 

2 .  The f a i l u r e  ra te  f o r  t h e  O r i e n t a t i o n  Subsystem has n o t  been 

included i n  computing t h e  SCTS mean-t ime-to-fai lure .  This  

a c t i o n  i s  j u s t i f i e d  because: ( 1 )  t h e  t u n g s t e n  lamp w i l l  en- 

a b l e  t h e  experiment t o  be  performed even i f  t h e  O r i e n t a t i o n  

Subsystem malfunct ions;  ( 2 )  most of t h e  elements  i n  t h e  

O r i e n t a t  ion Subsystem have n e g l i g i b l e  "on" t i m e s .  

3 .  The f a i l u r e  r a t e  f o r  t h e  Environmental Subsystem has  been 

omitted from t h e  MTTF computation made h e r e i n  because t h i s  

subsystem can f a i l  and t h e  b a s i c  miss ion  w i l l  s t i l l  succeed.  

4 .  The f a i l u r e  r a t e  f o r  t h e  Thermal Measurement Ins t rumenta t ion  

has  a l s o  been purposely omitted from t h e  MTTF computation 

which fo l lows .  The temperature  s e n s o r s  have i n h e r e n t l y  low 

f a i l u r e  r a t e s ,  are connected i n  p a r a l l e l ,  and can f a i l  with-  

out  des t roying  t h e  b a s i c  experiment.  Likewise,  t h e i r  con- 

t r i b u t i o n  t o  t h e  o v e r a l l  SCTS f a i l u r e  ra te  i s  n e g l i g i b l e .  

The complete set  of specimen r e f l e c t i v i t y  measurements w i l l  
be performed about 160 times d u r i n g  1 y e a r  of o r b i t a l  l i f e .  

Each s e t  of measurements w i l l  t a k e  15 minutes  t o  perform. 

The t o t a l  r e f l e c t i v i t y  measurement "on" t i m e  w i l l  t h u s  be  
about 40 hours  . 

5. 
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7 .  The fo l lowing  redundant items are presumed t o  have been 

added t o  t h c  SCTS (as  recommended i n  Subsect ion 6 . 3 ) :  

a .  Addi t iona l  s t r i n g  of s o l a r  c e l l s  

b .  A second b a t t e r y .  

c .  A second d r i v e  motor f o r  t h e  Ref lec tometer .  

8 .  Elec t ron ic  p i ece  p a r t s  used i n  t h e  Power Subsystem, t h e  

Reflectometer  Subsystem, and t h e  Telemetry Subsystem are 

presumed t o  be  of HI-REL q u a l i t y .  

The remainder of t h i s  s e c t i o n  i s  devoted t o  t h e  p r e s e n t a t i o n  

of MTTF computations used i n  t h i s  a n a l y s i s .  

t h e  formula 

I n  t h e s e  computa t ions ,  

-x t  -2xt R = 2 e  - e  

has  been used t o  determine t h e  f a i l u r e  r a t e  of t h e  redundant  components. 

MTTF COMF'UTATION 

BASIC EQUATION 

where : 

= t h e  p r o b a b i l i t y  t h a t  t he  Solar  Co l l ec to r  Test 
R~~~~ 

x t = Command Subsystem f a i l u r e  r a t e  x o p e r a t i n g  t i m e  

x t 

x t 

x t 

s a t e l l i t e  w i l l  ope ra t e  s u c c e s s f u l l y  f o r  one yea r  

c c  

P P  

R R  

T T  

= Power Subsystem f a i l u r e  r a t e  x o p e r a t i n g  t i m e  

= Reflectometer  Subsystem f a i l u r e  ra te  x o p e r a t i n g  t i ne  

= Telemetry Subsystem f a i l u r e  r a t e  x o p e r a t i n g  t ime 
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6.  The t i m e  f a c t o r s  ( t )  used i n  t h e  MTTF computation are as 

fo l lows:  r Power Subsystem 

t = 8760 hours  

(1-year mission)  

Antenna 

Bandpass F i l t e r  

Command Receiver  

Command Decoder 

t = 450 hours  Telemetry Subsystem (ex- 

( r e f l e c t i v i t y  measure- c l u d i n g  t h e  f o u r  e lements  

ment "on" t i m e  p l u s  l i s t e d  on t h e  prev ious  

t r a c k i n g  "on" t i m e  x 10 page) 

t = 400 hours  Ref lec tometer  Subsystem 

( r e f l e c t i v i t y  measure- 

ment t i m e  x IO) 

NOTES: ( a )  A m u l t i p l i e r  of (10) h a s  been appl ied  i n  de te rmining  two 

of t h e  t i m e  f a c t o r s .  The r e s u l t  i s  t o  i n c r e a s e  (by an 

order  of magnitude) t h e  "on" t i m e  r e f l e c t e d  f o r  t h e  ele- 

ments involved.  This  i s  t o  a l low f o r :  (1) t h e  degrading 

e f f e c t  r e s u l t i n g  from swi tch ing  t h e  items on and o f f  a 

t o t a l  of 160 t i m e s ;  and ( 2 )  t h e  f a c t  t h a t  t h e  items must 

be  c o n t i n u a l l y  prepared f o r  an "on" command dur ing  t h e  

1-year mission.  

( b )  I n  ass igning  t h e s e  t i m e  f a c t o r s ,  i t  was recognized t h a t  

some elements w i t h i n  t h e  v a r i o u s  subsystems were o p e r a t i v e  

f o r  a g r e a t e r  o r  lesser p e r i o d  of t i m e  than  has  been a s -  

s igned t o  t h e  subsystem a s  a whole. I n  g e n e r a l ,  however, 

e r r o r s  of t h i s  type are n o t  a p p r e c i a b l e  and tend  t o  o f f s e t  

each  o t h e r .  In a l l  i n s t a n c e s ,  t h e  tendency has been t o  

be c o n s e r v a t i v e  i n  t h i s  MTTF computation. 
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COMMAND SUBSYSTEM 

Calcu la t ing  x t c c: 
x t  c c  = (Xcommand r e c e i v e r )  (8760)  + (Xother  command elements  ) ( 4 5 0 )  

and decoder 

x t = (35  x (8760)  + ( 5  x ( 4 5 0 )  c c  

x t = 0.3087 c c  

POWER SUBSYSTEM 

Ca lcu la t ing  x,t,: 

x t = (x,) (8760)  P P  

From Sect ion  6.1 

x =  0 .1  + 0.5 + 3.0 + 6.3 + 2.0 + 1.0 = 12.9 
redundant  redundant 
s t r i n g  of b a t t e r i e s  
s o l a r  cells  

x t = (12.9 x (8760)  = 0.1130 P P  

REFLECTOMETER SUBSYSTEM 

"RtR : Calcu la t ing  

From Sec t ion  6.1  

5 = 5.0  + 18.0 + 6.0 + 24.0 + 10.0 + 3.5 
redundant 
d r i v e  motor 

+ 10.0 + 5.0  + 5.0 = 86.5 

%tR = (86.5 x (400)  = 0.0346 
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TELEMETRY SUBSYSTEM 

Ca lcu la t ing  xTtT: 

x t  = (Xantenna and ) ( 8 7 6 0 )  + (Xother  t e l eme t ry  1 ( 4 5 0 )  T T  
B.P. f i l t e r  

From Sect ion  6 .1  

x T T  t 

x t = 0.1190 

= [ ( 7 . 0 )  ( 8 7 6 0 )  + ( 1 2 8 . 0 )  ( 4 5 0 ) )  x 

T T  

SCTS F a i l u r e  Rate 

x t  + x t  + x t  + X T t T  - C C  P P  R R  - 
8760 X 

, SCTS 

- 0.3087 + 0.1130 + 0.0346 + 0.1190 - 
SCTS 8760 X 

0.5753 = - = 65.7 f a i l u r e s  p e r  m i l l i o n  hour s  SCTS 8760 X 

SCTS MTTF 

lo6 = - = 15,250 hours  1 MTTF = - 
X’sCTS 65.7 

P r o b a b i l i t y  of Successfu l  Opera t ion  f o r  One Year 

( 8 7 6 0 )  SCTS -X 

= e  RSCTS 

RSCTS 

-0.5753 
= e  

= 56.2% SCT S 
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6.5 R e l i a b i l i t y  Val ida t ion  Test Program 

Two types  of r e l i a b i l i t y  v a l i d a t i o n  tes ts  should be performed 

on t h e  sub jec t  equipment : 

6.5.1 MTTF T e s t i n g  

The pro to type  Reflectometer  Assembly , Power Subsystem, 

and Telemetry Package should be e l e c t r i c a l l y  connected as i n  the  SCTS 

and subjec ted  t o  the  fo l lowing  mean-t ime-to-fai lure  (KCTF) demonstrat ion:  

1. I n  t h e  Environmental Laboratory,  expose t h e  assembled system 

t o  one c y c l e  of simulated launch c o n d i t i o n s  of shock, v i b r a -  

t i o n ,  and a c c e l e r a t i o n  (us ing  g - l e v e l  d a t a  from pas t  l aunches) .  

2 .  Subsequent t o  the  simulated launch ,  p l a c e  t h e  equipment under 

t e s t  i n  a vacuum chamber ( t o  s imula t e  t h e  o r b i t a l  phase)  f o r  

a t ime per iod of 2 months. During t h i s  i n t e r v a l ,  u s e  a 

Solar  Simulator  t o  a c t i v a t e  t h e  s o l a r  pane l s  and r e f l e c t i v i t y  

specimens. Provide continuous monitor ing of t h e  t r a n s m i t t e r  

and b a t t e r y  ou tpu t s .  

NOTE: By a c t i v a t i n g  t h e  command and te lemet ry  systems more 

f r e q u e n t l y  than  i n  t h e  a c t u a l  experiment ,  and by va ry ing  t h e  

l i g h t  i n t e n s i t y  more o f t e n  than w i l l  occur i n  space,  a c c e l e r a -  

t i o n  f a c t o r s  can be added which w i l l  equa te  t h e  2-month t e s t  

per iod  t o  1 year  of space ope ra t ion .  

3 .  Upon completion of s t e p  2 ,  r e p e a t  t h e  launch cyc le  s imula t ion  

of s t e p  1. 

REQUIREMENT : 

Two f a i l u r e - f r e e  launch cyc le s ,  p l u s  a success fu l  2-month ope ra t ing -  

l i f e  demonstrat ion ( acce le ra t ed  t o  s imula te  1 year of space t i m e )  s h a l l  

s e rve  t o  s u b s t a n t i a t e  t h e  MCTF p r e d i c t i o n  of Sec t ion  6.4. 

6.5.2 WEAR-OUT L i f e  Tes t ing  

The b a t t e r i e s ,  tungsten lamp, r e f l ec tomete r  d r i v e  motor ,  

and r e f l ec tomete r  d e t e c t o r  switch should be subjec ted  t o  WEAR-OUT l i f e  
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t e s t i n g .  

occurs  (using an a c c e l e r a t e d  c y c l i n g  r a t e ) .  

Two each of t h e s e  i t e m s  should be a c t i v a t e d  u n t i l  wear-out 

NOTE: Vendor d a t a  may be used i n  l i e u  of t h e  above 

t e s t i n g ,  providing it i s  d i r e c t l y  a p p l i c a b l e  t o  t h e  SCTS a p p l i c a t i o n .  

REQUIREMENT : 

Each of these  i t e m s  s h a l l  demonstrate a wear-out l i f e  equal  t o  

a t  l e a s t  1 .5  times t h e  SCTS a p p l i c a t i o n .  

6.6 Conclusions and Recommendations 

The conclusions and recommendations which have evolved from 

t h e  preceding r e l i a b i l i t y  a n a l y s i s  are summarized below. 

G .6. 1 O r  i e n t a t  ion Sub system 

C y c l e - l i f e  c a p a b i l i t i e s  of t h e  s o l e n o i d - a c t i v a t e d  

v a l v e s  and t h e  c e n t r i f u g a l  swi tch  should be  s u b s t a n t i a t e d  through 

t e s t i n g  . 
6.6.2 Power Subsystem 

1. Use HI-REL p a r t s  i n  a l l  e l e c t r o n i c  c i r c u i t r y .  

2 .  Provide a redundant b a t t e r y  and a redundant  s t r i n g  of s o l a r  

c e l l s .  

3 .  Verify t h e  c y c l e - l i f e  c a p a b i l i t y  of t h e  b a t t e r i e s  by t e s t i n g .  

4 .  Add a p a r a l l e l  r o u t i n g  from t h e  s o l a r  c e l l s  t o  t h e  v o l t a g e  

r e g u l a t o r s .  

6.6.3 Environment Measurement I n s t r u m e n t a t i o n  

Emphasize t h e  r e l i a b i l i t y  of t h e  r o t a r y  s e l e c t o r ,  i t s  

d r i v e  motor, and t h e  power supply.  

6.6.4 Reflectometer  Subsystem 

1. Use a redundant d r i v e  motor .  

2 .  Verify t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  r e f l e c t o m e t e r  system 

by exposing i t  t o  a s imulated launch.  

3. Use HI-REL e l e c t r o n i c  p i e c e  p a r t s  throughout  t h i s  subsystem. 

4 .  Determine t h e  WEAR-OUT l i f e  of t h e  t u n g s t e n  lamp, r e f l e c t o m e t e r  

d r i v e  motors,  and d e t e c t o r  commutator th rough t e s t i n g .  
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2 .  

3 .  

4 .  

5 .  

6 .  

6.6.5 Thermal Measurement Ins t rumenta t ion  

( S a t i s f a c t o r y  a s  i s  .) 

6.6.6 Telemetry Subsystem 

Use HI-REL p a r t s  throughout t h i s  subsystem. 

Consider on-board programmed a c t i v a t i o n  of t h e  Instrument  

and Telemetry Subsystems i n  c a s e  of a Command Channel 

malfunct ion.  

The c o n f i g u r a t i o n  f o r  t h e  Clock O s c i l l a t o r  should i n c o r p o r a t e  

two cross-coupled s o l i d - s t a t e  m u l t i v i b r a t o r s  each employing 

i n t e r n a l  redundancy. 

Hi - leve l  d a t a  should no t  b e  a t t e n u a t e d  and routed  through t h e  

S igna l  Ampl i f ie r ,  but r a t h e r  should b e  f e d  d i r e c t l y  i n t o  t h e  

Analog-to-Digital  Converter i n  p a r a l l e l  w i t h  t h e  S igna l  

Amplif ier  ou tput .  

The t r a n s m i t t e d  d a t a  format should be such t h a t  t h e  most 

s i g n i f i c a n t  b i t  (MSB) of each word is  t r a n s m i t t e d  f i r s t ,  so  

t h a t  f a i l u r e s  i n  t h e  A I D  Converter and P a r a l l e l - t o - S e r i a l  

Converter w i l l  n o t  n e c e s s a r i l y  d e s t r o y  d a t a  t ransmiss ion  

c a p a b i l i t y .  

The te lemet ry  Transmit ter  should be completely s o l i d  s t a t e  

w i t h  p r o t e c t i o n  a g a i n s t  power t r a n s i e n t s  in t roduced  by t h e  

power programming c i r c u i t r y .  

6.6.7 Assembled SCTS 

Conduct a r e l i a b i l i t y  v a l i d a t i o n  t e s t  by exposing t h e  

pro to type  Reflectometer  Assembly, Power Subsystem, and Telemetry Sub- 

system t o  two c y c l e s  of simulated launch c o n d i t i o n s  and two months of 

a c c e l e r a t e d  l i f e  t e s t i n g .  Of importance,  should be  t h e  e f f e c t  of 

r e p e t i t i v e  a c t i v a t i o n s  of t h e  v a r i o u s  subsystems. 

6.6.8 P r o b a b i l i t y  of Success 

With t h e  inc lus ion  of t h e  redundant e lements  proposed 

h e r e i n ,  t h e  p r o b a b i l i t y  t h a t  t h e  SCTS w i l l  o p e r a t e  s u c c e s s f u l l y  f o r  
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1 year  i s  56.2 p e r c e n t .  

a s u b s t a n t i a l  p o r t i o n  of t h e  o v e r a l l  SCTS f a i l u r e  r a t e  i s  c o n t r i b u t e d  

by t h e  Command Receiver  and Command Decoder. Th i s  area should be i n -  

v e s t i g a t e d  f i r s t  i f  a h igher  p r o b a b i l i t y  of miss ion  success  i s  d e s i r e d .  

A s  i n d i c a t e d  by t h e  mathematical  computa t ions ,  
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7 .  SEPARATION OF EFFECTS 

The r e s u l t s  of a prev ious  s tudy  o f  t h e  r e f l e c t i v e  s u r f a c e s  f l i g h t  

experiment on Cont rac t  NAS1-2880 (Ref .  1 )  i n d i c a t e d  t h e  two a s p e c t s  

of  t h e  space environment most l i k e l y  t o  degrade r e f l e c t i v e  s u r f a c e s  

were micrometeoroids and low energy p r o t o n s .  T h e r e f o r e ,  d u r i n g  t h e  

p r e s e n t  c o n t r a c t ,  t h e s e  two environmental  f a c t o r s  have been s t u d i e d  

i n  more d e t a i l ,  w i t h  p a r t i c u l a r  emphasis on d e v i s i n g  techniques  t o  

s e p a r a t e  t h e i r  e f f e c t s  from one a n o t h e r  i n  t h e  f l i g h t  experiment .  The 

p r e s e n t  i n v e s t i g a t i o n ,  which i s  r e p o r t e d  below, l eads  t o  t h e  c o n c l u s i o n  

t h a t  i t  i s  extremely d i f f i c u l t  t o  achieve  a s h a r p  s e p a r a t i o n  of  micro- 

meteoroid and pro ton  e f f e c t s ,  w i t h i n  t h e  boundary c o n d i t i o n s  of a s i n g l e ,  

r e l i a b l e ,  and r e l a t i v e l y  simple f l i g h t  experiment.  

which would y i e l d  a p a r t i a l  s e p a r a t i o n  of  e f f e c t s  is  d i s c u s s e d .  

However , a method 

Addi t iona l  m a t e r i a l  on the  space  environment,  no t  inc luded  i n  

Ref. 1, is  presented  below. Following t h i s ,  t h e  techniques  of  e f f e c t s  

s e p a r a t i o n  are  d iscussed  and eva lua ted .  

7 . 1  Space Environment: Micrometeoroids 

Three f e a t u r e s  of t h e  micrometeoroid environment are  d i s c u s s e d  

h e r e  t o  supplement t h e  r e s u l t s  r e p o r t e d  i n  R e f .  1. These are (1) a n  

apparent  a l t i t u d e  dependence of t h e  f l u x ,  (2 )  d i s c r e p a n c i e s  between d a t a  

from impact (microphone) d e t e c t o r s  and d a t a  from p e n e t r a t i o n  d e t e c t o r s ,  

and (3 )  d i r e c t i o n a l i t y  of  t h e  meteoroid f l u x .  

Micrometeoroid f l u x  measurements from v a r i o u s  s a t e l l i t e s  and 

space probes a re  p l o t t e d  as a f u n c t i o n  of  a l t i t u d e  i n  F ig .  7-1. The 

" a l t i t u d e "  i s  taken t o  be t h e  a r i t h m e t i c  mean of  apogee and p e r i g e e  

f o r  t h e  o r b i t a l  v e h i c l e s  and,  i n  t h e  c a s e  of  Mariner 11, i s  taken  t o  

b e  t h e  mean a l t i t u d e  d u r i n g  the 950-hour sampling per iod .  S i n c e  t h e  

mass s e n s i t i v i t i e s  are d i f f e r e n t  i n  each o f  the measurements, t h e  f l u x  

ra tes  have been normalized to  a mass s e n s i t i v i t y  of  1 x 10 g ,  by u s e  -8 
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of t h e  approximation t h a t  t h e  cumulat ive f l u x  o f  micrometeoroids  of  

mass 2 m i s  p r o p o r t i o n a l  t o  m . Although b o t h  t h e  a l t i t u d e  assignment  

and s e n s i t i v i t y  no rma l i za t ion  procedures  may in t roduce  some e r r o r ,  i t  

i s  be l i eved  t h e  v a l i d i t y  of t h e  g e n e r a l  r e s u l t s  i s  not  a f f e c t e d .  

-1 

It i s  s e e n  i n  Fig.  7 - 1  t h a t  most of t h e  d a t a  p o i n t s  f a l l  a long  

a s t r a i g h t  l i n e  i n  t h e  log- log  p r e s e n t a t i o n .  Th i s  l i n e  (shown dashed 

i n  F i g .  7-1) i s  of  t h e  form: 
-1.4 Flux  = ( cons t an t )  x ( a l t i t u d e )  2 

which form was f i r s t  suggested by Whipple (Ref. 2 )  based on e a r l y  sa t -  

e l l i t e  obse rva t ions  and zodiaca l  c loud  c a l c u l a t i o n s .  The Mariner I1 

r e s u l t s  sugges t  t h e  f l u x  decrease  may be an  even s t r o n g e r  f u n c t i o n  of  

a1 t i t u d e .  

The o t h e r  ou t s t and ing  f e a t u r e  of t h e  d a t a  i n  Fig.  7 - 1  i s  t h e  

l a r g e  d iscrepancy  between the  f l u x e s  measured by t h e  impact d e t e c t o r  

and the  p e n e t r a t i o n  d e t e c t o r s  on Explorer  X V I .  

a l l  o t h e r  measurements d i sp layed  i n  F ig .  7 - 1  were made w i t h  impact de- 

t e c t o r s ,  except  i n  t h e  c a s e  of Explorer  111, where w i r e  g r i d s  were used.  

It should be no ted  t h a t  

The ques t ion  of t h e  r e l i a b i l i t y  o f  impact d e t e c t o r  measure- 

n e n t s  was r e c e n t l y  d i scussed  by Has t ings  (Ref.  3 ) :  

"A c h a r a c t e r i s t i c  of t h e  Explorer  X V I  impact d a t a  
i s  t h e  h igh  count ing  rates observed i n  t h e  high-  
and l o w - s e n s i t i v i t y  impact d e t e c t i o n  systems i n  t h e  
f i r s t  few days of o r b i t ,  and p a r t i c u l a r l y  ev iden t  
i n  t h e  h i g h - s e n s i t i v i t y  system. Such an  e f f e c t  has  
been observed on a s imi l a r  experiment on a s a t e l l i t e  
of t h i s  type  (Explorer  X I I I ,  unpubl i shed  da ta )  and 
on o t h e r  s a t e l l i t e  impact exper iments ,  bu t  t h e  mech- 
anism of t h e  e f f e c t  i s  n o t  w e l l  unders tood .  It i s  
hypothes ized  t h a t  the i n i t i a l l y  h i g h  coun t ing  ra tes  
may be due t o  deb r i s  i n  the n e a r  v i c i n i t y  of t h e  
s a t e l l i t e  s t r u c t u r e  remaining from t h e  a s c e n t  and 
i n j e c t i o n  i n t o  o r b i t ,  and which a re  temporar i ly  
l o o s e l y  en t rapped  w i t h i n  t h e  s a t e l l i t e  s t r u c t u r e ;  
ou tgass ing  of  elements of  t r ansduce r  a r r a y s ;  thermal  
and /o r  mechanical s t r a i n  r e l i e f  " s e t t l i n g "  e f f e c t s ;  
and so  on. 

A b a s i c  ques t ion  with r ega rd  t o  t h e  microphone-type 
impact experiments  i n  g e n e r a l  i s  t h e  v a l i d i t y  of t h e  
assumption t h a t  momentum response  a t  hype rve loc i ty  

8 
1 
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meteoroid encounter  i s  t h e  same a s ,  o r  even comparable 
wi th ,  t h e  observed momentum response  of  such systems 
a t  t he  low v e l o c i t i e s  employed f o r  c a l i b r a t i o n .  " 

I f  f u r t h e r  space  measurements conf i rm p r e s e n t  ev idence  t h a t  

impact d e t e c t o r s  a r e  g iv ing  e r roneous ly  h igh  f l u x  r a t e s ,  e s t i m a t e s  of  

t h e  hazard  t o  r e f l e c t i v e  s u r f a c e s  from micrometeoroids  w i l l  have t o  

be s h a r p l y  rev ised  downward. I n  t h i s  connec t ion ,  r e c e n t  measurements 

on  t h e  Echo I aluminized Mylar s a t e l l i t e  have i n d i c a t e d  a deg rada t ion  

of s p e c u l a r  r e f l e c t i v i t y  of about 2 pe rcen t  per  y e a r  (Ref.  4 ) .  This  

smal l  amount of deg rada t ion  would c e r t a i n l y  not  impair  t h e  o p e r a t i o n  

o f  most s o l a r  concen t r a to r  s y s t e m s .  

A f i n a l  po in t  of i n t e r e s t  i s  t h e  q u e s t i o n  of d i r e c t i o n a l  

p r o p e r t i e s  of the  micrometeoroid f l u x  which might be used  t o  expose 

v a r i o u s  samples t o  d i f f e r i n g  f l u x e s  by means of o r i e n t a t i o n .  This  

appa ren t ly  would not  be a u s e f u l  technique  s i n c e  Davidson and Sandorf f  

(Ref. 5) have ind ica t ed  t h a t  the f l u x  i s  approximately i s o t r o p i c  w i t h  

r e s p e c t  t o  d i r e c t i o n ,  as a r e s u l t  of t h e  E a r t h ' s  be ing  immersed s imul-  

taneous ly  i n  many i n d i v i d u a l  meteoroid streams. 

7 . 2  Space Environment: Low Energy Pro tons  

There have been no new d a t a  which s i g n i f i c a n t l y  change t h e  

p i c t u r e  of the  proton space  environment p re sen ted  i n  Ref. 1 .  I n  par -  

t i c u l a r ,  t h e r e  i s  s t i l l  a l a c k  of d e t a i l e d  d a t a  on low energy  p ro tons  

(E < 100 kev) .  Unfor tuna te ly ,  t h i s  i s  e x a c t l y  t h e  energy range  of 

i n t e r e s t  w i t h  respec t  t o  r e f l e c t i v e  s u r f a c e  d e g r a d a t i o n ,  as i s  shown 

a t  the  end of  t h i s  s e c t i o n .  The re fo re ,  i n  t h e  m a t e r i a l  p re sen ted  

below, i t  i s  poss ib l e  t o  review t h e  p r e s e n t  s t a t e  of knowledge o f  low 

energy pro tons  i n  space ,  i n d i c a t i n g  gaps and c o n f l i c t s  where they e x i s t .  

Based on s e v e r a l  geophys ica l  arguments ,  no s i g n i f i c a n t  f l u x  of 

low energy protons would be  expected i n  t h e  v i c i n i t y  of  t h e  E a r t h ,  i . e . ,  

up t o  1 x lo4  ltm a l t i t u d e .  

ranges Crom a few e l e c t r o n  v o l t s  t o  a few hundred e l e c t r o n  v o l t s ,  a r e  

excluded from the  Ear th  I s  magnetosphere by magnet ic  d e f l e c t i o n .  

pro ton  source  c u r r e n t l y  be l i eved  t o  be o f  most impor tance ,  b e t a  decay 

P 

The s o l a r  wind p r o t o n s ,  the  energy of which 

The 
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of a lbedo  neu t rons ,  produces mostly h igh  energy p ro tons .  

sou rce  of low energy pro tons  could be hypothes ized ,  t h e  bui ldup  of a 

l a r g e  f l u x  would be seve re ly  l imi t ed  by t h e  s h o r t  l i f e t i m e s  exper ienced  

Even i f  a 

by t h e s e  p ro tons  a t  a l t i t u d e s  below 1 x lo4 km (Ref.  6 ) .  

The r e s u l t s  of Davis and Williamson (Ref.  7)  , wh 

t a i n e d  from Explorer X I 1  d a t a ,  tend t o  conf i rm t h i s  l a t t e r  

P ro ton  s p e c t r a  were measured a t  a l t i t u d e s  of 1.1 x 10 l a ,  

and 3.3 x 10 km f o r  t h e  energy range 100 kev < E 1 Mev 

4 

4 
P 

ch were ob- 

theory.  
4 

2.5 x 10 lcm 

For t h e  

lowest a l t i t u d e ,  t h e  pro ton  f l u x  showed a sha rp  dec rease  below 300 kev,  

wh i l e  a t  t h e  h ighe r  a l t i t u d e s  the  f l u x  remained l a r g e  down t o  t h e  lower 

end of t h e  measured range (100 kev) .  Bader (Ref. 8) a t tempted  t o  measure 

t h e  very low energy p ro ton  spectrum (100 ev < E < 20 kev) wi th  ano the r  

instrument  on Explorer  X I I ,  He d e t e c t e d  no p ro tons  i n  t h i s  energy r ange  

i n  t h e  r e g i o n  of 300 km t o  77,300 km a l t i t u d e .  
6 2 of t h e  instrument  w a s  3 .1  x 10 

P 

The th re sho ld  s e n s i t i v i t y  

protons/cm / s e c / s r .  

I n  p o s s i b l e  c o n f l i c t  w i th  t h e  above resu l t s  a r e  t h e  d a t a  from 

an I n j u n  I experiment which a r e  p re sen ted  by Freeman ( R e f .  9 ) .  P ro ton  

f luxes  as h igh  as 3 x 10 protons/cm / s e c / s r  f o r  t h e  energy r ange  

500 ev < E 500 kev w a s  measured a t  about  1000 km a l t i t u d e .  S ince  

pro ton  l i f e t i m e s  a r e  extremely s h o r t  a t  t h i s  a l t i t u d e ,  i t  is  d i f f i c u l t  

t o  p o s t u l a t e  a pro ton  source  s t rong  enough t o  produce t h i s  magnitude 

of f l u x ,  as was po in ted  out  by Freeman h imsel f  (Ref. 9 ) .  Thus f a r ,  no 

o t h e r  measurements have been made a t  t h i s  a l t i t u d e  and i n  t h i s  energy 

range.  Many rev iewers  of r a d i a t i o n  b e l t  d a t a  have mentioned Freeman's 

r e s u l t s ,  but  none have at tempted t o  g ive  a p h y s i c a l  i n t e r p r e t a t i o n  of 

them. 

8 2 

P 

The s p a t i a l  and angular  d i s t r i b u t i o n s  of t h e  pro tons  a l so  are 

of i n t e r e s t  i n  t h i s  s tudy .  As i s  w e l l  known, t h e  f l u x e s  are most i n -  

t e n s e  i n  t h e  v i c i n i t y  of t h e  geomagnetic e q u a t o r ,  dec reas ing  t o  essen-  

t i a l l y  zero  i n  t h e  p o l a r  reg ions .  There i s  a l so  a s t r o n g  angu la r  de- 

pendence of t h e  f l u x  d i s t r i b u t i o n  w i t h  r e s p e c t  t o  t h e  magnetic f i e l d  

l i n e s .  Typica l  experimental  r e s u l t s  (Refs .  7 and 9)  have shown an  
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0 
i n c r e a s e  i n  f lux  of s e v e r a l  o r d e r s  of  magnitude when going from 0 t o  

90 ( t o  B) wi th  a co l l ima ted  pro ton  d e t e c t o r .  This  i s  t h e  angu la r  de- 

pendence t h a t  may be expec ted ,  s i n c e ,  a l though  t h e  g e n e r a t i o n  ( o r  i n j e c t i o n )  

of pro tons  i n  the  magnetic f i e l d  is i s o t r o p i c  , t h e  recombina t ion  r a t e  

f o r  t he  protons i n c r e a s e s  as t h e  pro ton  m i r r o r  p o i n t  dec reases  i n  a l -  

t i t u d e ,  and the mi r ro r  p o i n t s  a re  lowest f o r  low-angle p ro tons .  

+ 0 

The concern wi th  t h e  pro ton  environment w i t h  r e s p e c t  t o  r e -  

f l e c t i v e  s u r f a c e  deg rada t ion  i s  r e l a t e d  t o  t h e  p o s s i b i l i t y  of s p u t t e r i n g ,  

as i n d i c a t e d  i n  R e f .  1. The reason  f o r  emphasis on t h e  low energy por-  

t i o n  of  t h e  proton spectrum i s  t h a t  t h e s e  are  t h e  p ro tons  most l i k e l y  t o  

cause  s p u t t e r i n g .  This  i s  a d i r e c t  r e s u l t  of t h e  f a c t  t h a t  t h e  energy 

d i s s i p a t i o n  per  u n i t  d i s t a n c e ,  dE/dx, f o r  charged p a r t i c l e s  i n  any m a -  

t e r i a l  i nc reases  as t h e  energy ,  E ,  of t h e  p a r t i c l e  d e c r e a s e s .  To demon- 

s t r a t e  t h i s  f a c t  i n  a q u a n t i t a t i v e  manner, Fig.  7-2 w a s  p l o t t e d  showing 

dE/dx v s .  E f o r  pro tons  i n  aluminum. 

f o r  dE/dx (evlatomic diameter  of aluminum) because t h e s e  a r e  more mean- 

i n g f u l  i n  d i scuss ing  s p u t t e r i n g  phys ics  than  t h e  u s u a l  u n i t s ,  Mev/cm. 

It appears  reasonable  t o  assume t h a t  a s p e c i f i c  minimum energy ,  dEmin/dx, 

must be d i s s i p a t e d  w i t h i n  one atomic d iameter  i n  o r d e r  t o  remove an  

aluminum atom. This  q u a n t i t y ,  dE /dx ,  may b e  thought  of as t h e  energy min 
r e q u i r e d  t o  overcome t h e  bonding f o r c e s  on t h e  atom, o r  as t h e  energy 

r e q u i r e d  t o  ion ize  t h e  atom. For example, i f  i t  i s  assumed t h a t  t h e  

aluminum must be t r i p l y  ion ized  t o  e f f e c t  s p u t t e r i n g ,  dEmin/dx must be 

28.3 ev/atomic diameter  ( s e e  i o n i z a t i o n  p o t e n t i a l s  p l o t t e d  on F ig .  7 - 2 ) .  

T h i s ,  i n  t u r n ,  impl ies  t h a t  on ly  pro tons  w i t h  e n e r g i e s  below 0 .2  Mev w i l l  

cause  s p u t t e r i n g .  There i s  empi r i ca l  ev idence  t h a t  dE /dx may be even 

h i g h e r ;  f o r  example, Holland (Ref.  10) quotes  r e s u l t s  showing t h e  t h r e s h o l d  

energy f o r  s p u t t e r i n g  aluminum w i t h  Hg+ ions  is  120 ev. Although t h e  

exac t  dE /dx i s  no t  known f o r  p ro ton  s p u t t e r i n g  of  aluminum, i t  i s  

c l e a r  from t h e  above d i s c u s s i o n  t h a t  on ly  t h e  low energy p o r t i o n  of 

t h e  p ro ton  spectrum is l i k e l y  t o  cause  s p u t t e r i n g .  

Unconventional u n i t s  were chosen 

min 

min 
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7.3 Techniques For t h e  Sepa ra t ion  of  E f f e c t s  

For convenience of d i s c u s s i o n ,  t h e  methods i n v e s t i g a t e d  t o  

s e p a r a t e  micrometeoroid and pro ton  e f f e c t s  a r e  d iv ided  i n t o  two c a t e -  

g o r i e s :  phys ica l  methods and s p a t i a l  methods. p h y s i c a l  methods a re  

those  i n  which something i s  done a t  o r  near  t h e  r e f l e c t i v e  s u r f a c e  

sample t o  give i t  s e l e c t i v e  exposure t o  only  one of  t h e  two envi ron-  

mental  components O F  i n t e r e s t .  S p a t i a l  methods are those  us ing  sample 

o r i e n t a t i o n  o r  cho ice  of o r b i t  which would g i v e  the  s e l e c t i v e  exposure.  

7.3.1 Phys ica l  Methods 

Two s p e c i f i c  phys i ca l  methods f o r  s e p a r a t i n g  t h e  

deg rada t ion  e f f e c t s  of micrometeoroids from t h o s e  of  low energy p ro tons  

were s t u d i e d .  They a r e :  (1) e l e c t r o s t a t i c  s h i e l d i n g  of  some samples 

from pro tons  by cont inuous a p p l i c a t i o n  of a h igh  p o s i t i v e  p o t e n t i a l  t o  

t h e s e  samples ,  and ( 2 )  cover ing  some samples wi th  a t h i n  membrane, e . g . ,  

1 / 4  m i l  M y l a r ,  which might g i v e  s i g n i f i c a n t l y  g r e a t e r  a t t e n u a t i o n  of 

low energy protons than  of  micrometeoroids .  

The e l e c t r o s t a t i c  s h i e l d i n g  method has  s e v e r a l  d e s i r a b l e  

f e a t u r e s .  It would o p e r a t e  only on p r o t o n s ,  l e a v i n g  exposure t o  t h e  res t  

of the  environment unchanged, except  f o r  a s l i g h t  i n c r e a s e  i n  i n c i d e n t  

e l e c t r o n  energ ies .  The power consumption would be q u i t e  low, s i n c e  even 

i n  i n t e n s e  charged p a r t i c l e  f l u x e s ,  t h e  c u r r e n t  d r a i n  would be o f  t he  

o r d e r  of 1 x 10 amperes. The h igh -vo l t age ,  low-current  power sou rce  

might p re sen t  some problems; however, i t  is  l i k e l y  t h a t  a sou rce  such 

as r ad io i so tope  b a t t e r i e s  could  be used.  

- 12 

There a r e  s e r i o u s  d e f e c t s  i n  t h i s  method. It i s  doub t fu l  

whether a vo l t age  of g r e a t e r  than 10 t o  20 kv could  be r e l i a b l y  and 

cont inuous ly  app l i ed  t o  t h e  samples i n  t h i s  long  t e r m  experiment .  S ince  

t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  w i t h i n  t h e  magnetosphere t h e  f l u x  of  pro- 

t ons  wi th  energy less than  20 lcev i s  s m a l l  compared w i t h  those  of some- 

what h igher  energy,  e . g . ,  0 . 1  t o  5 M e V ,  i t  would appear  t h a t  l i t t l e  ad- 

vantage  would be ga ined  by e l e c t r o s t a t i c  s h i e l d i n g .  I f  s o ,  t h e  n e t  

r e s u l t  might b e  an  i n c r e a s e  i n  the  damaging e f f e c t s  of t h e  p r o t o n s ,  
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s i n c e  those  of s u f f i c i e n t  energy t o  p e n e t r a t e  t h e  f i e l d  would b e  reduced 

i n  k i n e t i c  energy and might b e  more e f f i c i e n t  i n  s p u t t e r i n g  ( a s  d i s c u s s e d  

i n  S e c t i o n  7 . 2 ) .  P r e s e n t  knowledge of t h e  p r o t o n  environment w i l l  n o t  

a l l o w  p r e d i c t i o n  of  t h e  e f f e c t s  of e l e c t r o s t a t i c  s h i e l d i n g  w i t h  s u f f i -  

c i e n t  confidence t o  j u s t i f y  use  of  t h i s  method. 

The membrane cover method w a s  suggested by t h e  f a c t  

t h a t  micrometeoroids possess  a v a s t l y  l a r g e r  k i n e t i c  energy p e r  p a r t i c l e  
- 10 

t h a n  do pro tons .  For example a micrometeoroid w i t h  mass of 1 x 10 g 
13 

t r a v e l i n g  a t  a v e l o c i t y  of  22 km/sec has  a k i n e t i c  energy o f  1 . 5  x 10 

e v ,  compared wi th  pro ton  energ ies  of 1 x 10 ev. It w a s  hoped, t h e r e -  

f o r e ,  t h a t  a s u i t a b l e  membrane would s t o p  low-energy p r o t o n s  whi le  pass -  

i ng  t h e  micrometeoroids e s s e n t i a l l y  una t tenuated .  However, t h i s  proved 

n o t  t o  b e  t h e  c a s e .  It  was determined t h a t  w h i l e  114 m i l  Mylar would 

s t o p  pro tons  below 400 kev, i t  would a l s o  s t o p  micrometeoroids w i t h  mass 

below about 1 x 10 

mass s e n s i t i v i t y  of t h e  M y l a r  f i l m  - CdS c e l l  micrometeoroid d e t e c t o r s  

c a r r i e d  on Explorers  V I 1  and X V I .  It is  apparent  t h a t  t h e  energy ab- 

s o r p t i o n  i n  t h e  membrane f o r  micrometeoroids i s  so much s t r o n g e r  than  

f o r  pro tons  t h a t  t h e  d e s i r e d  s e p a r a t i o n  o f  e f f e c t s  could n o t  b e  ac- 

c omp 1 i shed. 

5 

-9 g .  This  l a t t e r  f i g u r e  i s  based on t h e  r e p o r t e d  

7.3.2 S p a t i a l  Methods 

C e r t a i n  s p a t i a l  methods f o r  e f f e c t s  s e p a r a t i o n  look 

more promising than  those  d iscussed  above. These s p a t i a l  methods t a k e  

advantage of t h e  s t r o n g  dependence of  t h e  pro ton  f l u x  upon geomagnetic 

l a t i t u d e  and upon d i r e c t i o n  with r e s p e c t  t o  t h e  magnetic f i e l d  l i n e s ,  

i n  conjunct ion  w i t h  t h e  r e l a t i v e  independence of t h e  micrometeoroid 

f l u x  w i t h  r e s p e c t  t o  t h e s e  parameters.  

O r i e n t a t i o n  of two se t s  of samples on t h e  payload,  

such t h a t  one s e t  faced i n  a d i r e c t i o n  a t  90  t o  t h e  magnetic f i e l d  

w h i l e  t h e  o t h e r  se t  faced i n  t h e  d i r e c t i o n  of  t h e  f i e l d ,  would g i v e  

a l a r g e  d i f f e r e n c e  i n  p r o t o n  exposure t o  t h e  two se t s .  I t  a l s o  would 

b e  necessary t o  have t h e  samples r e c e s s e d  i n  t h e i r  h o l d e r s  s o  t h a t  t h e  

0 
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acceptance  cone ang le  would be ,  s a y ,  30 degrees .  I n  t h i s  manner, one 

s e t  would accept  pro tons  wi th  p i t c h  ang le s  of  75 t o  105 d e g r e e s ,  wh i l e  

t h e  o t h e r  s e t  would accept  pro tons  wi th  p i t c h  ang le s  of -15 t o  +15 

degrees .  This would lead  t o  a d i f f e r e n c e  i n  exposure f a c t o r  of 10 t o  

100 ( s e e  Sec t ion  7 . 2 ) .  

Some d i f f i c u l t i e s  would be encountered i n  a r r a n g i n g  

and  p re se rv ing  t h e  r e q u i r e d  sample  o r i e n t a t i o n s .  For example,  assume 

a f l a t  c y l i n d r i c a l  payload i.11 a n e a r - e q u a t o r i a l  o r b i t ,  w i t h  one f l a t  

s i d e  (on  which most samples a r e  mounted) o r i e n t e d  toward t h e  sun.  I n  

t h i s  c a se  t h e  f l a t - s u r f a c e  samples would be o r i e n t e d  a t  ve ry  n e a r l y  

90  degrees  t o  t h e  magnetic f i e l d .  This  would r e q u i r e  t h a t  t he  0-degree  

samples be mounted on t h e  n o r t h  and sou th  of t h e  c i r c u l a r  w a l l  o f  t h e  

payload. This would probably mean t h a t  a s e p a r a t e  r e f l e c t o m e t e r  would 

be needed f o r  these  samples.  A l s o ,  s p i n  s t a b i l i z a t i o n  of t h e  payload 

would not be permi t ted .  

d i r e c t l y  exposed t o  s o l a r  r a d i a t i o n .  Desp i t e  t h e s e  d i sadvan tages ,  t h i s  

method o r  some mod i f i ca t ion  of i t  may prove u s e f u l  i n  s t r o n g l y  reducing  

t h e  pro ton  exposure on  some samples. 

I n  a d d i t i o n  t h e  0-degree  samples would not be 

A more s t r a i g h t f o r w a r d  s p a t i a l  method f o r  e f f e c t s  sep-  

a r a t i o n  i s  t h e  choice  of an o r b i t  i n  which t h e  peak p ro ton  f l u x  and t h e  

peak micrometeoroid f l u x  occur  i n  d i f f e r e n t  p o r t i o n s  of  t h e  o r b i t .  By 

means of  a movable s h i e l d ,  one s e t  of  samples can be g iven  more pro ton  

exposure w h i l e  another  s e t  i s  g iven  more micrometeoroid exposure.  

An example of a d e s i r a b l e  " s e p a r a t i o n - o f - e f f e c t s "  o r b i t  

might be an  e l l i p t i c a l  p o l a r  o r b i t  w i t h  i t s  apogee a t  about 12,000 km 

over t h e  equa to r ,  i n  t h e  h e a r t  of t h e  pro ton  b e l t ;  and wi th  i t s  p e r i g e e  

a t  about 500 lrm over t h e  p o l e s ,  where t h e  p ro ton  f l u x  i s  n e g l i g i b l e  

and t h e  micrometeoroid f l u x  i s  probably q u i t e  l a r g e .  

The movable s h i e l d  could be  s imply a r ranged  by a t t a c h -  

ing metal  p l a t e s  t o  both s i d e s  of  t h e  r e f l e c t o m e t e r  arm so as t o  s h i e l d  

one or  two samples o n  each s i d e  of t h e  a rm's  "s top" p o s i t i o n .  

v i d i n g  two "stop" p o s i t i o n s  and a means f o r  moving t h e  a r m  from one 

By pro-  
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I :  * 

p o s i t i o n  t o  t h e  o t h e r  a t  appropr i a t e  o r b i t a l  p o s i t i o n s ,  t h e  s e l e c t i v e  

exposure of t he  two se t s  would b e  accomplished. S e v e r a l  means a r e  

a v a i l a b l e  f o r  moving t h e  a r m  a t  t h e  c o r r e c t  t i m e ,  e . g . ,  ground com- 

mand, a n  on-board sequencer ,  o r  a pro ton  d e t e c t o r  system which would 

expose t h e  pro ton  samples when a s p e c i f i e d  f l u x  l e v e l  w a s  exceeded 

and expose t h e  meteoroid samples when t h e  f l u x  f e l l  below this l e v e l .  

The s p a t i a l  method d i scussed  above appears  t o  be  t h e  

most u s e f u l  f o r  a c l e a r  s e p a r a t i o n  of e f f e c t s .  The only  d isadvantage  

i s  t h a t  i n  a p o l a r - o r b i t i n g  v e h i c l e ,  a somewhat longer  t i m e  would be  

r e q u i r e d  t o  g e t  a s p e c i f i e d  proton dose.  I f  t h e  s e p a r a t i o n  of  pro ton  

and micrometeoroid e f f e c t s  i s  deemed t o  be  of primary importance i n  

t h i s  experiment i t  i s  s t r o n g l y  recommended t h a t  t h e  se l ec t ive -exposure -  

o r b i t  method b e  cons idered .  
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